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Summary 
The r e a c t i o n of n i t r o u s a c i d w i t h o l e f i n s has been shown to y i e l d 
n i t r o s o - n i t r i t e s . The same products were obtained from the a d d i t i o n of 
d i n i t r o g e n t r i o x i d e t o the o l e f i n s . The o r i e n t a t i o n of a d d i t i o n of 
the elements of d i n i t r o g e n t r i o x i d e was es t a b l i s h e d by a h y d r o l y s i s 
procedure. The product of the r e a c t i o n of n i t r o u s a c i d and 3-chloro-2-
methylpropene y i e l d e d , on h y d r o l y s i s , 3-chloro-2-hydroxy-2-methylpropionic 
ac i d . The 2-methyl-2-butene a d d i t i o n compound y i e l d e d 2-hydroxy-2-methyl-
butan-3-one on h y d r o l y s i s . The r e a c t i o n of n i t r o u s a c i d w i t h 3-chloro-
propene gave two products and both were shown to be of the 2 - n i t r o s o - l -
n i t r i t o form, since they y i e l d e d c h l o r o a c e t i c a c i d on h y d r o l y s i s . Other 
o l e f i n s gave two products on r e a c t i o n w i t h n i t r o u s acid. One of the 
products was a s o l i d and the other a l i q u i d . The s o l i d products appear 
to be dimers i n the trans form. The i n f r a r e d spectra and mass spectra 
were shown to be consistent w i t h those of n i t r o s o - n i t r i t e s . 
_4 
I n 1*07 x 10 N p e r c h l o r i c a c i d both 2-methyl-2-butene and 2,3-
dimethyl-2-butene underwent r e a c t i o n by a second order process, which 
i n d i c a t e d t h a t d i n i t r o g e n t r i o x i d e was the a t t a c k i n g reagent. I n 
-4 -2 
8'56 x 10 to 2*11 x 10 N p e r c h l o r i c a c i d the r e a c t i o n of 2,3-dimethyl-
2-butene w i t h n i t r o u s a c i d was f i r s t order and the n i t r o u s acidium i o n 
was the n i t r o s a t i n g agent. At a c i d i t i e s greater than 8 x 10 N p e r c h l o r i c 
a c i d , the n i t r o s a t i o n of 2-methyl-2-butene proceeded by a mixed f i r s t and 
second order process n i t r o s a t i o n being achieved by d i n i t r o g e n t r i o x i d e 
and the n i t r o u s acidium i o n . I n 0*40 t o 1*70N p e r c h l o r i c a c i d , the 
k i n e t i c s of n i t r o s a t i o n of 3-chloro-2-tnethylpropene were f i r s t order 
w i t h respect to o l e f i n , n i t r o u s a c i d and h . At constant i o n i c r ' o 
st r e n g t h of 2*0M the r a t e was approximately constant due to a medium 
e f f e c t of the p e r c h l o r a t e anion. The k i n e t i c s of the n i t r o s a t i o n of 
3-hydroxy-2-methylpropene i n 0*20 to 2*70M sulph u r i c a c i d were also 
f i r s t order w i t h respect to o l e f i n , n i t r o u s a c i d and h Q . A solvent 
isotope e f f e c t of 2*19 was observed, which was f u r t h e r strong evidence 
f o r n i t r o s a t i o n by the n i t r o u s acidium i o n . Halide ions were very 
e f f e c t i v e c a t a l y s t s of the n i t r o s a t i o n of 3-hydroxy-2-methylpropene and 
t h i s was shown to be due to the i n c u r s i o n of n i t r o s a t i o n by the n i t r o s y l 
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Section 1. 
Chapter 1. 
e c t r o p h i l i c a d d i t i o n t o o l e f i n s 
- 1 -
1.1 C l a s s i f i c a t i o n of Reactions 
A r e a c t i o n can be c l a s s i f i e d according to the nature of the i n t e r a c t i o n 
and the nature of the reagent. The rea c t i o n s discussed i n t h i s t h e s i s are 
h e t e r o l y t i c r eactions of the type: 
X: + Y v s X:Y 1.01 
i n which both electrons are provided by one reactant t o form the bond or 
accepted by one reactant on the r u p t u r e of the bond. These reac t i o n s can be 
c l a s s i f i e d f u r t h e r i n t o two categories of broadest concern: 
i ) s u b s t i t u t i o n , i n which one atom or group i s replaced by another i n 
the s u b s t r a t e , X-Y: 
X + Y-Z > X-Y + Z 1.02 
and i i ) a d d i t i o n , i n which one atom or group becomes attached t o the 
su b s t r a t e , X-Y: 
X + Y-Z • X-Y-Z 1.03 
Reagents are c l a s s i f i e d according to t h e i r a b i l i t y to accept or donate 
e l e c t r o n s , thus an e l e c t r o p h i l i c reagent w i l l r e a c t by a c q u i r i n g e l e c t r o n s , 
or a share of e l e c t r o n s , which p r e v i o u s l y were bound e x c l u s i v e l y t o another 
molecule. ( i t i s worth n o t i n g t h a t t h i s d e f i n i t i o n of an e l e c t r o p h i l i c 
reagent i s the same as the c l a s s i f i c a t i o n by Lewis of reagents as acids^"). 
An e l e c t r o p h i l i c reagent i s o f t e n attached t o a nucleophile. When 
e l e c t r o p h i l i c a t t a c k occurs,for example i n molecular bromination, the 
-2-
e l e c t r o p h i l e w i l l become attached to the substrate and the nucleophile w i l l 
become fr e e and may subsequently complete the r e a c t i o n . I t w i l l be noted 
that i f the reagent i s an e l e c t r o p h i l e , r e a c t i n g by accepting a share of 
elec t r o n s p r e v i o u s l y the exclusive property of another molecule, then the 
substrate must be a nu c l e o p h i l e , since i t has the a b i l i t y t o donate e l e c t r o n s 
to another molecule. Thus i t i s obvious t h a t the c l a s s i f i c a t i o n of a 
re a c t i o n as e l e c t r o p h i l i c or n u c l e o p h i l i c depends on the c l a s s i f i c a t i o n of 
the i n t e r a c t i n g species as reagent and substrate. Which of the i n t e r a c t i n g 
species should be described as reagent and substrate i s a pure convention, 
as shown by the r e a c t i o n of bromine w i t h naphthalene which i s c l a s s i f i e d as 
an e l e c t r o p h i l i c r e a c t i o n since bromine i s the reagent. 
Thus the r e a c t i o n s of most i n t e r e s t f a l l i n t o four classes: 
2 
I ) E l e c t r o p h i l i c s u b s t i t u t i o n SE : f o r example 
N 0 2 + + Ph-H • Ph-NO„ + H 1.04 
I I ) N u c l e o p h i l i c s u b s t i t u t i o n SN: f o r example 
Et-0 + CH 3-I > CH3-0Et + I 1.05 
I I I ) N u c l e o p h i l i c a d d i t i o n AdN: f o r example 




IV) E l e c t r o p h i l i c a d d i t i o n AdE: f o r example 
HC1 + CH3CH=CH2 > CH3CHC1CH3 1.07 
-3-
C l a s s I V i s o f most con c e r n i n t h i s t h e s i s , t h u s f u r t h e r examples a r e g i v e n 
i n T a b l e 1.1. 
Table 1.1. 
E l e c t r o p h i l i c a d d i t i o n (AdE) t o o l e f i n s 
Reagent S u b s t r a t e P r o d u c t 
H 3 0 + R^R 2C =CR 3R 4 R 1R 2C(H)CR 3R 4(OH) 
V R-. R 0C =CR nR/ 1 2 3 4 R.jR 2C(X)CR 3R 4(X) 
HOX R^R 2C =CR 3R 4 R 1R 2C(X)CR 3R 4(OH) 
HX R.,RnC=CRnR. 1 2 3 4 R^cdOCR^Cx) 
NOX ^1^2^ =^^3^4 R 1R 2C(NO)CR 3R 4(X) 
where* X = ha l o g e n . 
1.2 S u b s t i t u e n t e f f e c t s i n E l e c t r o p h i l i c A d d i t i o n t o O l e f i n s 
The most c h a r a c t e r i s t i c t y p e o f r e a c t i o n o f an o l e f i n i s t h a t o f e l e c t r o -
p h i l i c a d d i t i o n , w h e r e i n an e l e c t r o p h i l i c r e a g e n t E-Nu a t t a c k s t h e do u b l e 
bond, new bonds a r e formed and a s a t u r a t e d compound r e s u l t s : 
E-Nu + >C=C< > > C — C < 1.08 I I 
E Nu 
The a c t u a l mechanism w i l l be d i s c u s s e d l a t e r b u t i t i n v o l v e s t he i n i t i a l 
a t t a c k by an e l e c t r o p h i l e . I f t h e o l e f i n i s s y m m e t r i c a l ( t h a t i s o f t h e fo r m 
-4-
R2C=CR2), then o n l y one p r o d u c t o f a d d i t i o n can r e s u l t . I f , however, t h e 
o l e f i n i s u n s y m m e t r i c a l ( t h a t i s o f t h e f o r m R j I L ^ C R g R ^ ) , t h e n t h e r e a r e 
two p o s s i b l e p r o d u c t s o f a d d i t i o n , namely: 
E-Nu R^R2C~CR^R^ — — 
•> R j R j C C E f c R ^ C N u ) 
1.09 
-> R 1R 2C(Nu)CR 3R 4(E) 
I t i s p o s s i b l e t o p r e d i c t t h e o r i e n t a t i o n o f t h e a d d i t i o n o f h a l o g e n 
a c i d s (HX, where X = h a l o g e n ) by a p p l i c a t i o n o f M a r k o w n i k o f f 1 s r u l e . T h i s 
r u l e , s t a t i n g t h a t t h e e n t e r i n g h a l o g e n atom a t t a c h e d i t s e l f t o the c a r b o n 
c a r r y i n g t h e s m a l l e r number o f hydrogen atoms, has been fo u n d t o p r e d i c t t h e 
c o r r e c t o r i e n t a t i o n o f a d d i t i o n i n a l l p u r e l y e l e c t r o p h i l i c a d d i t i o n s , when 
p r o p e r c o n s i d e r a t i o n i s t a k e n o f the e l e c t r o n i c movements i n t h e system. 
T h i s l a t t e r c o n s i d e r a t i o n i s n e c e s s a r y because t h e r u l e was proposed o n l y 
f o r t h e case o f h y d r o c a r b o n o l e f i n s , f o r w h i c h i n d u c t i v e e f f e c t s a r e 
dominant. 
The e l e c t r o n i c e f f e c t s o f v a r i o u s s u b s t i t u e n t s on t h e double bond a r e 
2 
now w e l l u n d e r s t o o d i n terms o f i n d u c t i v e and mesomeric e f f e c t s , t h u s i t i s 
easy t o p r e d i c t t h e o r i e n t a t i o n o f a d d i t i o n . Some examples o f "normal 
M a r k o w n i k o f f a d d i t i o n " a r e : 
Me Me 
\ A \ 4 
C = CH 0 + HX > C-CH„ 1.10 / 2 /\ 3 
Me' Me X 
-5-
O 5 CF 3-CH=CH 2 + HX • CF 3-CH 2-CH 2X 1.11 
T h i s r u l e i s r e a d i l y r a t i o n a l i s e d when we r e a l i s e t h e i n t e r m e d i a c y o f 
carbonium i o n s ( d i s c u s s e d i n s e c t i o n 1.3) i n e l e c t r o p h i l i c a d d i t i o n s . I t has 
been e s t a b l i s h e d by s t u d y o f r e a c t i v i t y i n n u c l e o p h i l i c s u b s t i t u t i o n by t h e 
c a r b o n i u m - i o n mechanism, t h a t t h e o r d e r o f s t a b i l i t y o f ca r b o n i u m - i o n s i s : 
t e r t i a r y > secondary > p r i m a r y 
A p p l i c a t i o n o f t h e s e r e l a t i o n s h i p s t o r e a c t i o n 1.10, y i e l d s : 
Me 
->• ^C-CH 3 1.10a. 
M e ^ Me 
C=CH 2 + HX — — 
Me''' Me 
CH-CH2 1.10b. 
M e ^ 
Thus t h e p r o d u c t w i l l be o b t a i n e d by r e a c t i o n 1.10a, whic h proceeds t h r o u g h 
t h e most s t a b l e carbonium i o n . 
Michael** sought t o g e n e r a l i s e on t h e b a s i s o f t h e " p r i n c i p l e o f maximum 
n e u t r a l i s a t i o n " , a c c o r d i n g t o which t h e e l e c t r o n e g a t i v e group o f t h e 
a t t a c k i n g r e a g e n t w i l l become a t t a c h e d t o t h e more e l e c t r o p o s i t i v e o f t h e 
u n s a t u r a t e d c a r b o n atoms. T h i s i s i l l u s t r a t e d by: 
M e v ^ c c i Me^ 
C = C H 2 + HO—CI > C—CH 2C1 1.12 
Me^ 5 4" 8 " Me OH 
-6-
Me Me 
\ A &+ 6- \ 8 
C= C H „ + ON—CI > C—CH oN0 1.13 
/ 1 /' 2 
Me 5 + 5- Me C l 
Thus t h i s e x t e n s i o n o f t h e M a r k o w n i k o f f r u l e can be used t o p r e d i c t t h e 
o r i e n t a t i o n o f a d d i t i o n o f an e l e c t r o p h i l i c r e a g e n t t o any o l e f i n . 
I t i s w o r t h y o f n o t e , however, t h a t e v i d e n c e has been prod u c e d , i n 
9 
c a l c u l a t i o n s by Bodot and J u l l i e n , t h a t t h e s t a b i l i t y o f t h e r e s u l t a n t 
carbonium i o n i s t h e d i r e c t i n g e f f e c t i n e l e c t r o p h i l i c a d d i t i o n . They have 
c a l c u l a t e d charge d i s t r i b u t i o n s i n a s e r i e s o f u n s y m m e t r i c a l l y s u b s t i t u t e d 
o l e f i n s f r o m t h e d i p o l e moments, and show t h a t , a l t h o u g h i n some cases t h e 
a t t a c k i n g e l e c t r o p h i l e becomes a t t a c h e d t o t h e most e l e c t r o n e g a t i v e c a r b o n 
atom, on some o c c a s i o n s t h e e l e c t r o p h i l e becomes a t t a c h e d t o t h e most e l e c t r o -
p o s i t i v e c arbon atom. They have, i n a d d i t i o n , c a l c u l a t e d t h e r e l a t i v e 
e n e r g i e s o f t h e two p o s s i b l e carbonium i o n s and fou n d t h a t t h e carbonium i o n 
c o r r e s p o n d i n g t o t h e observed p r o d u c t has t h e l o w e r energy i n e v e r y case. 
A n t i - M a r k o w n i k o f f a d d i t i o n has however been o b s e r v e d , f o r example i n 
g 
t h e a d d i t i o n o f hydrogen bromide t o a l l y l bromide , where t h e normal a d d i t i o n 
p r o d u c t would be 1,2-dibromopropane and under c e r t a i n c o n d i t i o n s t h e observed 
p r o d u c t was 1,3-dibromopropane: 
CH2=CH-CH2Br — — 
CH 3CHBrCH 2Br 
1.14 
->• CH 2BrCH 2CH 2Br 
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However i t was r e a l i s e d t h a t t h e presence o f p e r o x i d e , a c c i d e n t a l l y i n t r o d u c e d 
i n t o t he r e a c t i o n m i x t u r e , was c a u s i n g "abnormal a d d i t i o n " o f hydrogen 
bromide. The abnormal a d d i t i o n c o u l d be c o m p l e t e l y e l i m i n a t e d by r e a c t i o n i n 
t h e presence o f a n t i o x i d a n t or by complete removal o f t h e p e r o x i d e s . T h i s 
change o f o r i e n t a t i o n o f a d d i t i o n o f hydrogen bromide, i n t h e presence o f 
p e r o x i d e s , i s c a l l e d " t h e p e r o x i d e e f f e c t " and i s caused by a change o f t h e 
n a t u r e o f a d d i t i o n w h i c h , under such c o n d i t i o n s , proceeds by a f r e e - r a d i c a l 
mechanism, w i t h Br' r a t h e r t h a n H + a t t a c k i n g t h e double bond. 
I n a d d i t i o n t o showing a d i r e c t i n g e f f e c t on t h e o r i e n t a t i o n o f e l e c t r o -
p h i l i c a d d i t i o n , s u b s t i t u e n t groups a t t a c h e d t o t h e double bond w i l l a l s o 
depress or i n c r e a s e t h e r a t e . E l e c t r o p h i l i c a d d i t i o n o c c u r s by a t t a c k o f a 
s p e c i e s s e e k i n g a source o f e x t r a e l e c t r o n s . Thus i f t h e s u b s t i t u e n t s a r e 
t o i n c r e a s e t h e a v a i l a b i l i t y o f e l e c t r o n s on t h e double bond ( t h a t i s a r e 
e l e c t r o n - d o n a t i n g , f o r example a l k y l s u b s t i t u e n t s ) , t h e n t h e r a t e o f e l e c t r o -
p h i l i c a d d i t i o n w i l l be enhanced. ( T h i s t y p e o f o b s e r v a t i o n e x p e r i m e n t a l l y 
i s t a k e n as i n d i c a t i n g an e l e c t r o p h i l i c a d d i t i o n r e a c t i o n ) . T h i s i s 
i l l u s t r a t e d f o r the r e l a t i v e r a t e s o f h y d r a t i o n o f o l e f i n s , RC(Me)=CH2, i n 
29'67„ I-IC10. a t 38° 1 0 i n Ta b l e 1.2. A s i m i l a r e f f e c t i s shown i n the 4 
e l e c t r o p h i l i c a d d i t i o n o f bromine t o o l e f i n s , R ^ I L ^ C l ^ • ^  T able 1.3 shows 
the r e l a t i v e r a t e s o f a d d i t i o n r e a c t i o n s i n a c e t i c a c i d c o n t a i n i n g M/80 
bromine a t 24°C. 
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T able 1.2. 
R e l a t i v e r a t e s o f h y d r a t i o n o f o l e f i n s , 
RC(Me)=CH 2 i n 29 '6% HClO^ a t 38° 
Group R R e l a t i v e Rates 
H 1 







T a b l e 1.3. 
R e l a t i v e r a t e s o f b r o m i n a t i o n o f o l e f i n s , 
R..R,,C=CH,, i n a c e t i c a c i d a t 24°C 
Groups 
R l R 2 
R e l a t i v e r a t e 
Ph H -11,000 
C 4 H 9 H 2,000 
H H - 8 4 
C1CH 2 H 1-6 
BrCH 2 H 1-0 
C1CH 2 C1CH 2 0*019 
Et0 2 C H 0*004 
Br H 0*0011 
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1.3 Carboniutn i o n s as i n t e r m e d i a t e s i n e l e c t r o p h i l i c a d d i t i o n : 
E l e c t r o p h i l i c a d d i t i o n t o o l e f i n s can occur by a one-stage pro c e s s : 










•> R 2C(E)CR' 2(Nu) 1.15 
t r a n s i t i o n s t a t e 
f o r example th e a d d i t i o n o f n i t r o s y l c h l o r i d e t o norbornene o c c u r s by a f o u r -
n 
c e n t r e t r a n s i t i o n s t a t e t o y i e l d c i s - a d d i t i o n , o r a two-stage p r o c e s s : 
E-Nu + 0 S l ° W > E-0 + + Nu" £ a S t > E-O-Nu 1.16 
where 0 = o l e f i n . 
I n a one-stage process t h e r e i s v e r y l i t t l e c arbonium i o n c h a r a c t e r i n 
t h e t r a n s i t i o n s t a t e , b u t t h e r e may be v a r y i n g degrees a c c o r d i n g t o t h e 
e l e c t r o p h i l i c i t y o f t h e r e a g e n t . T h i s mechanism would t e n d t o occur i n l e s s 
p o l a r s o l v e n t s and would r e s u l t i n s t e r e o s p e c i f i c c i s - a d d i t i o n , i f t h e r e i s 
n o t f r e e r o t a t i o n about t h e C-C bond. C i s - a d d i t i o n has been observed i n t h e 
1 
a d d i t i o n o f d e u t e r i u m bromide t o a c e n a p h t h y l e n e , indene and 1-phenylpropene. 
The most i m p o r t a n t mechanism f o r e l e c t r o p h i l i c a d d i t i o n i n t h e l i q u i d 
phase i s s t e p w i s e a d d i t i o n t h r o u g h a carbonium i o n i n t e r m e d i a t e . Here, r a t e -
l i m i t i n g r e a c t i o n o f an o l e f i n w i t h E-Nu g i v e s a c a t i o n i c i n t e r m e d i a t e w h i c h 
r a p i d l y c o l l a p s e s t o p r o d u c t s . Evidence o f the i m p o r t a n c e o f c a t i o n i c 
i n t e r m e d i a t e s i n e l e c t r o p h i l i c a d d i t i o n o f hydrogen c h l o r i d e was o b t a i n e d by 
- 1 1 -
14 Whitmore and Joh n s t o n . From t h e a d d i t i o n o f hydrogen c h l o r i d e t o i s o -
p r o p y l e t h y l e n e i n t h e absence o f a s o l v e n t t h e y o b t a i n e d i s o a m y l c h l o r i d e 
accompanied by t - a m y l c h l o r i d e . The l a t t e r was n o t produced f r o m t h e f o r m e r , 
s i n c e i t remains s t a b l e under e x p e r i m e n t a l c o n d i t i o n s . Thus t h e rea r r a n g e m e n t 
l e a d i n g t o t - a m y l c h l o r i d e must have t a k e n p l a c e i n some i n t e r m e d i a t e stage 
o f t h e r e a c t i o n , most l i k e l y i n a carbonium i o n produced i n a s t e p w i s e 
mechanism o f a d d i t i o n : 
Me2CHCH=CH2 + HCl 
I 
Hi 
' . I 
+ 
Me2CHCHCH3 + C l *- Me 2CHCHClCH 3 
Me 2CCH 2CH 3 + C l " > Me 2CClCH 2CH 3 1.16 
Of course r e a c t i o n s do n o t always f i t a u t o m a t i c a l l y i n t o one o f these two 
c l a s s e s o f a d d i t i o n and many e l e c t r o p h i l i c a d d i t i o n s can e q u a l l y w e l l be 
e x p l a i n e d by e i t h e r p r o c e s s , f o r example t h e a d d i t i o n o f d e u t e r i u m bromide 
13 
t o a c e n a p h t h y l e n e , indene and 1-phenylpropene. T h i s can be i n t e r p r e t e d as 
a one-stage process as e a r l i e r b u t i s a l s o i n t e r p r e t e d as i n v o l v i n g a 
carbonium i o n w h i c h i s n o t f r e e . The r e a c t i o n o f u n d i s s o c i a t e d d e u t e r i u m 
bromide w i t h t h e o l e f i n g i v e s f i r s t an i o n - p a i r ( I ) i n w h i c h t h e bromide i o n 
i s r e t a i n e d on t h e same s i d e o f t h e o l e f i n as t h e d e u t e r i u m ; c o l l a p s e o f 
t h i s i o n - p a i r ( l ) t h e n g i v e s e x c l u s i v e l y t he c i s adduct ( I I ) . The t r a n s 
a dduct i s o n l y formed i f t h e i o n - p a i r s u r v i v e s l o n g enough f o r t h e bromide 
i o n t o m i g r a t e t o t h e o p p o s i t e s i d e o f t h e p l a n a r carbonium i o n . Hence, i f 
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c o l l a p s e o f I i s r a p i d , c i s a d d i t i o n w i l l p r e d o m i n a t e . 
D-Br 
V-.. ,-\ V. f B\.\ «,,. ? 
C = C ^ *- C—C' > " C—C' 1.17 
R 4 R 2 R 4 R 2 R 4 R 2 
I I I 
The a d d i t i o n s o f h a l o g e n s , l i k e t h o s e o f hydrogen h a l i d e s , a r e s t e p w i s e 
r e a c t i o n s ; t h a t i s , t h e y proceed t h r o u g h i n t e r m e d i a t e s i n w h i c h o n l y one 
h a l o g e n atom has become a t t a c h e d t o t h e o l e f i n . The i n t e r v e n t i o n , o f such an 
i n t e r m e d i a t e i n t h e b r o m i n a t i o n o f ethylene''""' has been c l e a r l y d e m o n s t r a t e d 
by c a r r y i n g o u t t h e a d d i t i o n i n t h e presence o f sodium c h l o r i d e o r sodium 
n i t r a t e , f o r under these c o n d i t i o n s a b r o m o c h l o r i d e or a b r o m o n i t r a t e i s formed 
a l o n g w i t h t h e expe c t e d d i b r o m i d e . These p r o d u c t s must t h e n r e s u l t f r o m 
n u c l e o p h i l i c a t t a c k on an i n t e r m e d i a t e bromonium c a t i o n , s i n c e i t i s known 
t h a t s u b s t i t u t i o n r e a c t i o n s c o u l d n o t form t h e observed p r o d u c t s 
BrCH 2CH 2Br 
Br_ + CH„=CH 0 > Br" + BrCH 0CH 0 +^CT toTT 1.18 • 2 v ^ 2 ^ 2 - - ^ 2 ^ 2 
BrCH 2CH 2N0 3 
BrCH 2CH 2OH 2 + 
-13-
16 M o r e o ver, t h e a d d i t i o n o f bromine t o s t i l b e n e i n methanol y i e l d s , a l o n g 
w i t h s t i l b e n e d i b r o m i d e , a (3-bromoether. T h i s does n o t r e s u l t f r o m r e a c t i o n 
o f m e t hanol w i t h t h e d i b r o m i d e , nor does i t a r i s e f r o m the a d d i t i o n o f 
m e t h y l h y p o b r o m i t e t o t h e double bond: 
B r 2 + PhHC=CHPh > 
_ - _ PhCHBr-GHBrPh 
Br + PhCH-CHPh<^' 1.19 
Br M e 0 " ^ P h C H B r - C H ( O M e ) P h + H + 
Thus t h e r e must be an i n t e r m e d i a t e carbonium i o n w h i c h i s t h e n s u b j e c t t o 
c o m p e t i t i v e n u c l e o p h i l i c a t t a c k by bromide i o n and me t h a n o l . 
1.4 The n a t u r e o f t h e carbonium i o n i n e l e c t r o p h i l i c a d d i t i o n t o o l e f i n s 
The i n t e r m e d i a c y o f carbonium i o n s i n t h e two s t e p process o f e l e c t r o -
p h i l i c a d d i t i o n i s now q u i t e w e l l e s t a b l i s h e d and many examples appear i n 
t h e l i t e r a t u r e . However much c o n t r o v e r s y e x i s t s as t o t h e d e t a i l e d n a t u r e 
o f t h e carbonium i o n . There a r e t h r e e p o s s i b i l i t i e s : 
+ E 
E E. i 
/ \ > c i c < 
-7 > C -G< 
I I I I V V 
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A d d i t i o t i v i a t h e AdE2 mechanism can l e a d t o e i t h e r c i s o r t r a n s adducts 
depending upon t h e s t r u c t u r e o f t h e i n t e r m e d i a t e carbonium i o n ( i l l , I V or 
V ) . I f t h e carbonium i o n has t h e open s t r u c t u r e I I I , a m i x t u r e o f c i s and 
t r a n s a d d u c t s i s g e n e r a l l y e x p e c t e d . ^ However, i o n - p a i r i n g phenomena can 
13 
cause p r e f e r e n t i a l f o r m a t i o n o f t h e c i s - a d d u c t . A l s o e l e c t r o n i c , s t e r i c 
or c o n f o r m a t i o n a l e f f e c t s can cause a t t a c k a t one or o t h e r s i d e o f t h e 
carbonium i o n p - o r b i t a l t o be f a v o u r e d . 
A l t e r n a t i v e l y , t h e i n t e r m e d i a t e may have a b r i d g e d s t r u c t u r e I V o f t h e 
18 
t y p e f i r s t p o s t u l a t e d by R o b e r t s and K i m b a l l f o r E = Br and l a t e r 
19 20 
f o r m u l a t e d by Dewar ' as a jr-complex V. The i n t e r m e d i a t e s , I V or V, by 
18 
a n a l o g y w i t h n u c l e o p h i l i c d i s p l a c e m e n t , would be opened s t e r e o s p e c i f i c a l l y 
t o a t r a n s p r o d u c t . 
D i f f e r e n t i a t i o n between t h e two p o s t u l a t e d s t r u c t u r e s o f t h e non-
c l a s s i c a l carbonium i o n i s n o t p o s s i b l e by k i n e t i c s t u d y b u t depends on t h e 
a b i l i t y o f each s t r u c t u r e t o e x p l a i n t h e e x p e r i m e n t a l o b s e r v a t i o n s . 
I f t h e e l e c t r o p h i l e , E + has unshared p- or d - e l e c t r o n s o r ^ - e l e c t r o n s , 
t h e se can be used t o f o r m a r e v e r s e d a t i v e bond t o the o l e f i n by i n t e r a c t i o n 
21 
w i t h the empty a n t i - b o n d i n g n - m o l e c u l a r o r b i t a l o f t h e l a t t e r . The group 
E + i s t h e n a t t a c h e d t o the o l e f i n by a d o uble bond composed o f two opposed 
d a t i v e bonds i n v o l v i n g j r - m o l e c u l a r o r b i t a l s V. 
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T h i s s t r u c t u r e d i f f e r s f r o m I V o n l y i n t h e s t a t e o f h y b r i d i s a t i o n o f t h e 
o l e f i n i c c a r b o n atoms, s i n c e t h e bond between them i s o n l y p a r t i a l l y d o u b l e . 
Thus t h e two "extreme jt-complexes" m i g h t be observed i n t h e case o f a t t a c k 
by p r o t o n s and bromine c a t i o n s : 
H + B r + 
t U 
C==rC C = = C 
The a c i d - c a t a l y s e d a d d i t i o n o f w a t e r t o an o l e f i n has been shown t o 
22 
i n v o l v e a carbonium i o n . Evidence f o r t h e i n t e r m e d i a c y o f a n o n - c l a s s i c a l 
carbonium i o n i n t h e r e a c t i o n sequence f a l l s i n t o t h r e e c a t e g o r i e s : 
( i ) 2-butene i n the presence o f anhydrous p e r c h l o r i c a c i d does n o t 
i s o m e r i s e , as would occur i f a c l a s s i c a l carbonium i o n were formed i n a 
23 
r e v e r s i b l e s t e p . 
( i i ) O l e f i n r e c o v e r e d from the r e a c t i o n o f 2-methyl-2-butene w i t h 
d e u t e r a t e d s u l p h u r i c a c i d does n o t c o n t a i n any d e u t e r i u m . ^ 
( i i i ) The r a t e o f h y d r a t i o n i s f i r s t o r d e r i n b o t h o l e f i n and Hammett's 
h f u n c t i o n . ^ o 
To a c c o u n t f o r these e x p e r i m e n t a l o b s e r v a t i o n s , Scheme 1.1 has been 
22 
proposed , where t h e i n t e r m e d i a c y o f a n-complex ( o r b r i d g e d carbonium i o n ) i s 
n e c e s s a r y t o account f o r ( i ) and ( i i ) and t h e slow c o l l a p s e t o a c l a s s i c a l 
carbonium i o n e x p l a i n s t h e observed r a t e e q u a t i o n and t h e s t e r e o s p e c i f i c i t y 
o f t h e p r o d u c t . 
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v • + f a s t >C=C< + H„0 . > 
3 N f a s t 
> C = C < 
4-
H 
+ H 20 
> C = C < 
H 
sl o w . ' « 
. % H — C — C-
x f a s t I + 
jr-complex carbonium i o n 
H — C — C — 
I + 
+ 2H„0 9v, . > H — C — C — OH + H.O 
I I 3 
Scheme 1.1. 
Chapter 2. 
N i t r o s a t i o n : An e l e c t r o p h i l i c r e a c t i o n 
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2.1 D i a z o t i s a t i o n and N i t r o s a t i o n : P r i n c i p l e s o f K i n e t i c Study 
N i t r o s a t i o n and d i a z o t i s a t i o n o f an a r o m a t i c amine i s c o n s i d e r e d t o 
occur by t h e f o l l o w i n g sequence o f r e a c t i o n s : ^ 
» » „ x slow . „, „_ f a s t . „ „ „,„ f a s t . „ + 
Ar-NH„ — „ n v > Ar-NH-NO p- ArN=N-OH r — • A r - N 0 
L NOX + Z 
H 
I n d i a z o t i s a t i o n r e a c t i o n s t h e f o r m a t i o n o f t h e p r i m a r y n i t r o s a m i n e has 
been found t o be t h e s l o w e s t o f t h e above s t e p s i n a c i d i t i e s up t o 3 *0M 
p e r c h l o r i c a c i d . The k i n e t i c c o m p l e x i t y , t h e r e f o r e , a r i s e s f r o m t h e s e v e r a l 
mechanisms o f n i t r o s a t i o n , some o f w h i c h i n c l u d e two p o t e n t i a l l y r a t e -
d e t e r m i n i n g s t e p s . The s t u d y o f t h e mechanism o f d i a z o t i s a t i o n has t h u s 
c o n t r i b u t e d t o t h e u n d e r s t a n d i n g o f n i t r o s a t i o n i n g e n e r a l and t h e e x t e n s i v e 
27 26 k i n e t i c i n v e s t i g a t i o n s o f d i a z o t i s a t i o n by Schmid e t a l and R i d d e t a l 
have g i v e n c o n s i d e r a b l e i n s i g h t i n t o t h e n a t u r e o f t h e v a r i o u s n i t r o s a t i n g 
e n t i t i e s t h a t may be p r e s e n t i n aqueous n i t r o u s a c i d . Moreover, t h e 
c o n c l u s i o n s a r r i v e d a t by these w o r k e r s can be u s e f u l l y i n v o k e d i n any 
28 
c o n s i d e r a t i o n o f t h e n i t r o s a t i o n o f o t h e r compounds. 
N - n i t r o s a t i o n i s e s s e n t i a l l y an e l e c t r o p h i l i c s u b s t i t u t i o n i n w h i c h 
e v e n t u a l l y t h e e l e c t r o p h i l e N0 +, f u r n i s h e d e i t h e r i n t h e f r e e f o r m o r i n a 
c a r r i e r NOX f r o m w h i c h N 0 + can be e x t r a c t e d , becomes bound t o t h e n i t r o g e n 
atom o f t h e amino group. By an a l o g y w i t h o t h e r e l e c t r o p h i l i c s u b s t i t u t i o n s , 
such as n i t r a t i o n and c h l o r i n a t i o n , t h e r e e x i s t s a f a m i l y o f n i t r o s a t i n g 
a g ents w h i c h can be a r r a n g e d i n o r d e r o f t h e i r d e c r e a s i n g e l e c t r o p h i l i c 
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29 r e a c t i v i t y , or i n in c r e a s i n g s t r e n g t h of the base, X. 
+ + 
NO , H20-NO, NO-Hal, NO-N02> NO-OH 
However, i t i s worthy of note t h a t even the most r e a c t i v e n i t r o s a t i n g species 
30 
i s not n e a r l y so strong an e l e c t r o p h i l i c reagent as the ni t r o n i u m i o n . The 
eff e c t i v e n e s s of a given n i t r o s a t i n g species depends on two f a c t o r s : 
( i ) i t s s p e c i f i c r e a c t i v i t y as an e l e c t r o p h i l e , 
( i i ) i t s a c t u a l concentration. 
The g e n e r a l l y opposed v a r i a t i o n of these two f a c t o r s from case t o case leads 
to a c e r t a i n spread of n i t r o s a t i n g a b i l i t y among the d i f f e r e n t c a r r i e r s . 
I n p e r c h l o r i c a c i d s o l u t i o n s the possible n i t r o s a t i n g agents are the 
f o l l o w i n g : 
nitrosonium i o n NO* 
+ 
n i t r o u s acidium i o n ^O-NO 
d i n i t r o g e n t r i o x i d e ( n i t r o u s anhydride) NO-NO2 
n i t r o u s a c i d NO-OH 
The k i n e t i c equations associated w i t h these reagents f o r n i t r o s a t i o n of 
aromatic amines i n d i l u t e s o l u t i o n s of p e r c h l o r i c a c i d are l i s t e d i n 
Table 2 . 1 . 3 1 
The r a t e equations included i n Table 2.1 are based on the assumption 
t h a t a l l steps f o l l o w i n g the i n i t i a l N - n i t r o s a t i o n are very f a s t and have no 
e f f e c t on the o v e r a l l r a t e of the r e a c t i o n . However, i f any of the 
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Table 2.1 
N i t r o s a t i n g Rate-determining stage 
agent 
Formation of N i t r o s a t i o n of 
n i t r o s a t i n g agent the amine 
N0 + slow supply V a[HN0 2][H +] ( a ) 
( v i a H 2N0 2 +) 
slow supply V a [ H N 0 2 ] 2 ( b ) 
( v i a N 20 3) 
slow a t t a c k V a[ArNH 2][HN0 2][H +] (O 
+ 
NO-OH2 slow a t t a c k V a[ArNH 2][HN0 2][H
+] ( d ) 
NO-N02 slow supply V a [ H N 0 2 ] 2 ( e ) 
slow a t t a c k 2 V a[ArNH 2][HN0 2] ( f ) 
NO-OH slow a t t a c k 
i 
V a[ArNH 2][HN0 2] ( g ) 
where the brackets i n d i c a t e the molecular or i o n i c concentrations of the 
exact species represented t h e r e i n . 
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subsequent steps becomes rate-determining, then a d d i t i o n a l r a t e equations 
must be considered. This i s , f o r instance, what happens i n very 
concentrated acids, when the loss of a proton from the protonated nitrosamine 
f i r s t formed becomes the rate-determining step. 
With a general c a r r i e r , two l i m i t i n g k i n e t i c forms can be found, 
according t o whether the at t a c k or formation of the c a r r i e r i s r a t e -
c o n t r o l l i n g . I n the former case, the c a r r i e r remains i n e q u i l i b r i u m w i t h 
other n i t r o u s species, and the o v e r a l l r a t e i s dependent on the concentrations 
of both the n i t r o s a t i n g species and the amine. I n the l a t t e r case, the 
c a r r i e r i s consumed by the amine as f a s t as the c a r r i e r i s produced, and the 
o v e r a l l r a t e i s dependent on the concentration of the n i t r o s a t i n g species 
only. The r a t e measured i s t h a t of a pur e l y inorganic process and the 
k i n e t i c s considered are those of t h i s process. 
With molecular n i t r o u s a c i d as c a r r i e r , one k i n e t i c case disappears, 
since c a r r i e r - s u p p l y cannot be r a t e - c o n t r o l l i n g and only a t t a c k can be r a t e -
determining. For the n i t r o u s acidium i o n only a t t a c k on the amine can be 
r a t e - c o n t r o l l i n g , since i t i s formed by a p r o t o n - t r a n s f e r i n aqueous 
s o l u t i o n and such rea c t i o n s are known t o be very f a s t . 
D i n i t r o g e n t r i o x i d e i s a n i t r o s a t i n g agent f o r which e i t h e r the 
formation or the r e a c t i o n w i t h the amine can be r a t e - c o n t r o l l i n g . I n the 
l a t t e r case an e q u i l i b r i u m c o n c e n t r a t i o n of c a r r i e r i s provided by the 
process: 
2HN02 k * N 20 3 + H 20 
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and t h i s c o n c entration w i l l be a v a i l a b l e f o r the at t a c k of the amine, hence 
equation ( f ) . I n the former case, the concentration of the amine does not 
appear i n the r a t e equation, which represents the r a t e of formation of 
d i n i t r o g e n t r i o x i d e i n the e q u i l i b r i u m shown above. Equation ( e ) however, 
which represents t h i s observation, i s the same as t h a t [ ( b ) ] observed f o r 
the slow formation of nitrosonium ions from d i n i t r o g e n t r i o x i d e : 
Thus i t i s not possible t o d i s t i n g u i s h between the two mechanisms by simple 
k i n e t i c techniques. S i m i l a r l y , a slow N - n i t r o s a t i o n of the amine by the 
n i t r o u s acidium i o n or by the nitrosonium i o n would show i d e n t i c a l k i n e t i c s 
(equations ( d ) and ( c ) r e s p e c t i v e l y ) . 
2.2 Physical measurements on s o l u t i o n s of " n i t r o u s a c i d " 
The u l t r a v i o l e t , v i s i b l e and Raman spectra of s o l u t i o n s of " n i t r o u s 
a c i d " have been studied widely by various workers. Depending on the nature 
of the medium, t h a t i s concentration and type of mineral a c i d , " n i t r o u s a c i d " 
can e x i s t i n a v a r i e t y of forms such as molecular n i t r o u s a c i d , d i n i t r o g e n 
2HN0 f a s t v N2°3 + H 2 ° 2 ^ 
N-0 slow NO + NO 
acidiuir, i o n , nitrosonium i o n or n i t r o s y l c h l o r i d e . 
( a ) I n p e r c h l o r i c and sulph u r i c a c i d : 
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( i ) I n water and d i l u t e aqueous a c i d , n i t r o u s a c i d e x i s t s mainly 
as molecular n i t r o u s a c i d , w i t h s l i g h t dehydration t o d i n i t r o g e n t r i o x i d e . 
Both of these species have c h a r a c t e r i s t i c u l t r a v i o l e t spectra. The spectrum 
32 33 
of n i t r o u s a c i d shows maxima a t ' , 347, 356, 3 70, 384 mjj, and t h a t of 
34 
d i n i t r o g e n t r i o x i d e has a s i n g l e broad maximum at , 625 mu, hence 
e x p l a i n i n g the blue colour of s o l u t i o n s of d i n i t r o g e n t r i o x i d e . 
( i i ) When the concentration of p e r c h l o r i c a c i d i s increased above 
45 per cent, the absorption spectrum of n i t r o u s a c i d changes u n t i l , 
e f f e c t i v e l y , i n 60 per cent p e r c h l o r i c a c i d there i s complete conversion to 
32 
the nitrosonium i o n , absorbing at 260 mja. I n the same region a Raman l i n e 
-1 35 
appears at 2213-2319 cm , almost i d e n t i c a l w i t h the s t r e t c h i n g frequency 
of the N0 + i o n i n c r y s t a l l i n e nitrosonium p e r c h l o r a t e (2329 cm For 
so l u t i o n s f a l l i n g i n the range 45 per cent t o 60 per cent p e r c h l o r i c a c i d , 
the observed spectra are con s i s t e n t w i t h an e q u i l i b r i u m between molecular 
32 
n i t r o u s a c i d and the nitrosonium i o n . 
A s i m i l a r change i n the u l t r a v i o l e t and Raman spectra occurs i n aqueous 
sulphu r i c a c i d i n the concentration range 50 per cent t o 75 per cent 
s u l p h u r i c a c i d , although the increase i n the concentration of nitrosonium 
i o n , as c a l c u l a t e d from the e x t i n c t i o n c o e f f i c i e n t , does not p a r a l l e l the 
3 6 
c a l c u l a t e d decrease i n the concentration of n i t r o u s a c i d . I t i s 
suggested the discrepancy could be caused by the i n t e r v e n t i o n of a t h i r d , 
3 6 
non-absorbing species and t h i s could be the n i t r o u s acidium i o n . However 
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the r e s u l t s s t i l l i n d i c a t e a gradual conversion of n i t r o u s a c i d t o 
nitrosonium i o n , which i s complete i n 75 per cent sulp h u r i c a c i d . I n a 
37 
more recent study i t has been found, by a l l o w i n g f o r n i t r o u s a c i d 
decomposition, t h a t the maximum concentration of the n i t r o u s acidium i o n i s 
5 per cent of the t o t a l " n i t r o u s a c i d " present. 
For a given " n i t r o u s a c i d " c o n c e n t r a t i o n , the concentration of d i n i t r o g e n 
t r i o x i d e reaches a maximum value i n about 50 per cent p e r c h l o r i c a c i d . With 
f u r t h e r increase i n the a c i d i t y of the medium, the molecular n i t r o u s a c i d 
and d i n i t r o g e n t r i o x i d e are converted i n t o the nitrosonium i o n and po s s i b l y 
the n i t r o u s acidium i o n , according to the f o l l o w i n g sequence of re a c t i o n s : + . + H + HN02 v H 2N0 2 
H 2N0 2 v * NO + H 20 
N0 2" + H 2N0 2 + p = ± N 20 3 + H 20 
2H + + N 20 3 v ^ 2N0 + + H 20 
The above r e s u l t s suggest, t h e r e f o r e , t h a t various species can c o - e x i s t i n 
s o l u t i o n and the processes by which they are formed overlap w i t h one another 
i n a way which depend on the concentration of the aci d and the a c t i v i t y of 
the water. 
(b ) I n HC1: 
I n s o l u t i o n s of n i t r o u s a c i d i n h y d r o c h l o r i c a c i d , an a d d i t i o n a l species, 
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n i t r o s y l c h l o r i d e , has to be considered. 36,38 The spectrum of t h i s compound 
( w i t h a maximum at 460 mji) can be detected i n about 4M hy d r o c h l o r i c a c i d and 
i t i s supposed to be the only component i n about 11M h y d r o c h l o r i c a c i d . 
There i s no evidence f o r the n i t r o u s acidium i o n i n hy d r o c h l o r i c a c i d . 
Thus the p h y s i c a l measurements on the various a c i d i c s o l u t i o n s of 
" n i t r o u s a c i d " support the general p i c t u r e of N - n i t r o s a t i o n of amines, 
although the i d e n t i f i c a t i o n of the p a r t i c u l a r n i t r o s a t i n g species concerned 
must depend e s s e n t i a l l y on the observed k i n e t i c s . 
2.3 I n v e s t i g a t i o n of the Mechanism of D i a z o t i s a t i o n 
2 
The e a r l y work on the mechanism of d i a z o t i s a t i o n i s covered i n a review 
and thus i t i s not proposed t o discuss t h i s any f u r t h e r . The r e s u l t s 
obtained by Ridd and co-workers w i l l be discussed i n the l i g h t of the 
in f o r m a t i o n a v a i l a b l e from the previous two sections and also inasmuch as 
they are re l e v a n t to the present i n v e s t i g a t i o n s . 
I n a series of papers, the f o l l o w i n g k i n e t i c forms have been i d e n t i f i e d : 
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( a ) Uncatalysed d i a z o t i s a t i o n : 
V = k^[ArNH 2] [HNO^ 2 
V = k' 2[HN0 2] 2 
( 1 ) 
( 2 ) 
( b ) Hydrogen-ion catalysed r e a c t i o n : 40 
V = k 3 H [ A r N H 2 ] [ H + ] [ H N 0 2 ] (3) 
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( c ) H a l i d e - i o n catalysed d i a z o t i s a t i o n : 
V = k 4 H a l [ A r N H 2 ] [ H + ] [ H N 0 2 ] [ H a l " ] ( 4 ) 
V = k 3 H a l [ H + ] [ H N 0 2 ] [ H a l " ] ( 5 ) 
Expressions ( 1 ) and (2 ) are two l i m i t i n g equations, and although each has a 
wide range of v a l i d i t y , they enclose between them a band of continuously 
t r a n s i t i o n a l k i n e t i c forms. 
(a) Uncatalysed D i a z o t i s a t i o n 
( i ) Experimental Observations: 
As the a c i d i t y of the medium increased from 0'002M t o 0'05M i n 
p e r c h l o r i c a c i d , the o v e r a l l r e a c t i o n order increased from 2 to ne a r l y 3. 
This e s t a b l i s h e d the t r a n s i t i o n between ( 1 ) and ( 2 ) . I n the reg i o n where the 
o v e r a l l r e a c t i o n order was 2, Ridd found the k i n e t i c order w i t h respect t o 
the amine was zero and the k i n e t i c order w i t h respect t o n i t r o u s a c i d was 2. 
( i i ) Mechanistic I m p l i c a t i o n s : 
Since i t i s possible to observe a k i n e t i c expression, and hence a 
slow step, which does not include the amine con c e n t r a t i o n , then there cannot 
be a slow step i n the r e a c t i o n sequence a f t e r the i n i t i a l n i t r o s a t i o n . Also 
the process leading to n i t r o s a t i o n must i n v o l v e more than one step, since a 
d i f f e r e n t step can be made r a t e - c o n t r o l l i n g by incr e a s i n g the concentration 
of the amine. 
These observations f i t the requirements expressed e a r l i e r f o r n i t r o s a t i o n 
by d i n i t r o g e n t r i o x i d e . The most p l a u s i b l e scheme f o r the s e l f - d e h y d r a t i o n i s 
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Scheme 2.1, which assumes slow a t t a c k by the n i t r i t e i o n on the conjugate 
ac i d of n i t r o u s acid: 
Scheme 2.1 
+ f a s t . + H + HN02 v N H 2N0 2 
+ slow v N0 2 + ON-OH2 ^ * N 20 3 + H 20 
When the supply of molecular amine i s s u f f i c i e n t l y r e s t r i c t e d , the l a s t step 
of Scheme 2.1 becomes f a s t i n comparison t o : 
ArNH_ + NO.NO_ — = — > ArNH oN0 + + NO ~ 2 2 slow 2 2 
18 
The intermediacy of d i n i t r o g e n t r i o x i d e has been confirmed by O-exchange 
42 
studies between n i t r o u s a c i d and water i n the absence of amine. At low 
a c i d i t i e s and high concentrations of n i t r i t e i o n , the r a t e of t h i s oxygen 
exchange was second order w i t h respect t o n i t r o u s a c i d and i n reasonable 
agreement w i t h the r a t e of d i a z o t i s a t i o n according t o the equation, V = 
k 2'[HN0 2] 2. 
The r e s u l t s obtained i n the r e a c t i o n of aromatic amines w i t h d i n i t r o g e n 
2 
t r i o x i d e according to the equation, V = k'^[Amine] [HN0 2] , are summarised i n 
43 
Table 2.2. Larkworthy showed t h a t the d i a z o t i s a t i o n of aromatic amines by 
the d i n i t r o g e n t r i o x i d e mechanism obeys Hammett's l i n e a r free-energy 
r e l a t i o n s h i p , thus e s t a b l i s h i n g the dependence of the r e a c t i o n r a t e on the 
b a s i c i t y of the amine. 
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Table 2.2. 
A n i l i n e D e r i v a t i v e Temp.(°C) 10 "*k. (mole~^l^sec ^) 
p-H 25 27 
p-H 0 3*11 
p-OMe 0 5*56 
p-Cl 0 0*92 
p-NMe^ "1" 0 0*14 
(b) Acid-catalysed D i a z o t i s a t i o n : 
( i ) Experimental Observations: 
The best experimental c o n d i t i o n s f o r the observation of t h i s 
mechanism were found to be: 
a. an amine of low b a s i c i t y , 
b. the a c i d i t y of the medium should not be very low, 
_4 
c. the concentration of n i t r o u s a c i d should be about 10 M. 
The k i n e t i c expression of the new mechanism i n d i c a t e s a f i r s t order dependence 
w i t h respect t o both the amine and n i t r o u s a c i d , 
( i i ) Mechanistic I m p l i c a t i o n s : 
Reference to the e a r l i e r s e c t i o n shows th a t two processes could, 
e x p l a i n the observed k i n e t i c s . One, namely a r e a c t i o n i n v o l v i n g the f r e e 
amine w i t h an e q u i l i b r i u m c o n c e n t r a t i o n of the nitrosonium i o n , has been 
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18 44 r e j e c t e d from a cons i d e r a t i o n of O-exchange between n i t r o u s a c i d and water. 
The k i n e t i c expression has been i n t e r p r e t e d as the rate-determining 
+ 
a t t a c k of the n i t r o u s acidium i o n l^O.NO on the fr e e amine as shown i n 
Scheme 2.2. 
Scheme 2.2. 
H + + HN0o . % H_NO„ + 1 N f a s t L 
+ + H_NO„ + ArNH„ — = — > ArNHoN0 + H o0 11 I slow I I 
+ f a s t + ArNH2NO > ArN 2 
The d i a z o t i s a t i o n of aromatic amines i n d i l u t e p e r c h l o r i c a c i d can be 
completely described by the equation: 
V = k 3'[ArNH 2] [ H N 0 2 ] 2 + k^f ArNH 2] [HNO^ [ H + ] 
The r e l a t i v e importance of the two terms depends on the b a s i c i t y of the amine and 
the c o n d i t i o n s under which the r e a c t i o n takes place. For instance, o-
c h l o r o a n i l i n e d i a z o t i s e s by the n i t r o u s acidium i o n mainly, w h i l s t a n i l i n e 
reacts w i t h n i t r o u s anhydride almost e x c l u s i v e l y . The second term of the 
equation becomes more s i g n i f i c a n t at low n i t r o u s a c i d concentrations and 
higher a c i d i t y . 
Study of the d i a z o t i s a t i o n of a wider v a r i e t y of amines by the n i t r o u s -
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43 acidium i o n showed very l i t t l e dependence on the b a s i c i t y of the amine. 
At higher a c i d i t i e s (up t o 3*0M p e r c h l o r i c a c i d ) i t was shown t h a t , i f 
allowance was made f o r the medium e f f e c t of p e r c h l o r i c a c i d , then the 
45 
r e a c t i n g species was the n i t r o u s acidium i o n , although the dependence on 
[ H + ] was replaced by one on h Q . 
I n very high a c i d i t i e s 10*5-12 M su l p h u r i c a c i d and 8,5-9*5M p e r c h l o r i c 
a c i d , a n i l i n e , p - t o l u i d i n e and p - n i t r o a n i l i n e have been shown to be d i a z o t i s e d 
46 47 + + -2 according t o the r a t e equation ' , V = k[ArNH^][N0 ] h Q 
and the f o l l o w i n g mechanism was proposed: 
Scheme 2.3 
ArNH„ + N0 + x ArNH„-N0 + H + 3 N f a s t 2 
+ + ArNHoN0 — = — • ArNH-NO + H 2 slow 
f a s t + ArNH-NO — - — > ArN 2 
( c ) H a l i d e - i o n catalysed mechanism 
( i ) Experimental Observations: 
I n a study on the e f f e c t s of the anions of strong acids on the 
d i a z o t i s a t i o n of a n i l i n e and o - c h l o r o a n i l i n e , i t was observed t h a t c h l o r i d e , 
bromide and io d i d e ions, w i t h i n c r e a s i n g e f f e c t i n t h a t order, a l l catalysed 
the r e a c t i o n , w h i l s t p e r c h l o r a t e and n i t r a t e ions d i d not exert a s i m i l a r 
e f f e c t . Thus the h a l i d e ions were not p a r t i c i p a t i n g i n a general acid-base 
c a t a l y s i s . 
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( i i ) Mechanistic I m p l i c a t i o n s : 
The e f f e c t of added h a l i d e ions on the r a t e of d i a z o t i s a t i o n can 
be described by an a d d i t i o n a l c a t a l y t i c term: 
Halide i o n catalysed r a t e = k 4 H a l [ H + ] [ A r N H 2 ] [ H N 0 2 ] [ H a l - ] ( 4 ) 
I t was also found t h a t the c a t a l y t i c dependence on the amine concentration 
decreases p r o g r e s s i v e l y from c h l o r i d e - to bromide- and t o i o d i d e - c a t a l y s i s . 
With o - c h l o r o a n i l i n e the bromide-catalysis under c e r t a i n c o n d i t i o n s became 
independent of amine concentration and, i n the case of the i o d i d e - c a t a l y s i s , 
a n i l i n e i t s e l f gave s i m i l a r r e s u l t s . Thus the observed k i n e t i c s can be 
expressed by V = k^ H a''"[H +] [HN0 2] [Hal~] . This represents a n u c l e o p h i l i c 
s u b s t i t u t i o n by supplied h a l i d e i o n i n the p r e - e q u i l i b r i u m n i t r o u s - a c i d i u m 
i o n . This process i s completely analogous t o the scheme f o r the formation 
of d i n i t r o g e n t r i o x i d e : 
Scheme 2.4 
H + + HN0- . ^ H„N0_ 2 v f a s t 2 2 
+ 
Hal + N0-0H9 i * Hal-NO + H o0 z slow z 
Discussion; 
The f o l l o w i n g c a r r i e r s have been i d e n t i f i e d i n weakly and moderately 
a c i d i c (< ~ 3 *0M p e r c h l o r i c a c i d ) media 
+ 
H20N0 NOI NOBr NOCl N0.N02 
-31-
The mechanisms by which the e f f e c t i v e c a r r i e r s are formed and act are not 
independent. The f i r s t step i n a l l c a r r i e r s i d e n t i f i e d i s the formation of 
the n i t r o u s acidium i o n . A l l p o ssible r e a c t i o n sequences are shown i n 
44 
Scheme 2.5 , and only those r e a c t i o n s which are marked f a s t have not been 










The numbers r e f e r t o the k i n e t i c equations, as l i s t e d e a r l i e r . 
2.4 A d d i t i o n of Nitrogen Oxides and NOX compounds t o o l e f i n s , as 
e l e c t r o p h i l i c a d d i t i o n 
Many c o n t r a d i c t o r y r e p o r t s appear i n the l i t e r a t u r e which are e a s i l y 
r e c o n c i l e d i n terms of d i f f e r e n t experimental c o n d i t i o n s . This i s p a r t i c u l a r l y 
-32-
the case f o r the a d d i t i o n of d i n i t r o g e n t e t r o x i d e t o o l e f i n s , where i t has 
been recognised r e c e n t l y t h a t using ethers or esters as solvents favours a 
homolytic a d d i t i o n r e a c t i o n , w h i l s t using no solvent favours a h e t e r o l y t i c 
48 
a d d i t i o n r e a c t i o n . Misconceptions as to the nature of the a t t a c k i n g 
reagent has also lead to wrong i n t e r p r e t a t i o n s as shown i n the case of 
49 50 
a d d i t i o n of d i n i t r o g e n t r i o x i d e t o o l e f i n s . ' The a d d i t i o n of n i t r o g e n 
oxides ( N 2 0 3 , N^ O^ , N^O^) under c e r t a i n conditions i s an e l e c t r o p h i l i c 
a d d i t i o n , but i n ether or ester s o l u t i o n w i l l probably proceed by a f r e e -
r a d i c a l mechanism. 
The a d d i t i o n of species NOX (where X~ = Hal", HS0^~ or HC0 2~) has been 
shown to obey Markownikoff 1s r u l e and to be accelerated by s u b s t i t u t i o n of 
electron-donating groups on the double bond."'''" These re a c t i o n s are not 
subject t o the same complications as the a d d i t i o n of n i t r o g e n oxides because 
of decreased a b i l i t y t o e x i s t as f r e e - r a d i c a l s . 
2.5 A d d i t i o n of d i n i t r o g e n t e t r o x i d e to o l e f i n s 
The products of the r e a c t i o n of d i n i t r o g e n t e t r o x i d e w i t h o l e f i n s have 
been shown to be s t r o n g l y i n f l u e n c e d by the manner i n which the r e a c t i o n i s 
52 53 
c a r r i e d out. When ethers or esters are used as solvents, Shechter ' has 
suggested t h a t the r e a c t i o n proceeds by a f r e e r a d i c a l mechanism, which leads 
to primary n i t r o compounds. Since d i n i t r o g e n t e t r o x i d e i s i n e q u i l i b r i u m 
w i t h the f r e e r a d i c a l N0 2', t h i s i s not s u r p r i s i n g . Thus the r e a c t i o n of both 
c i s - and t r a n s - s t i l b e n e w i t h d i n i t r o g e n t e t r o x i d e y i e l d s the same mixture of 
-33-
products. The lack of dependence of the composition of the products on the 
isomer attacked l e d Shechter t o po s t u l a t e a l o n g - l i v e d 2 - n i t r o - l , 2 - d i p h e n y l 
e t h y l r a d i c a l . This r a d i c a l can then re a c t w i t h another N02* and produce 
e i t h e r a d i n i t r o compound or a n i t r o - n i t r i t e . 
However, i n the absence of ether or ester s o l v e n t s , the products are 
q u i t e d i f f e r e n t , and nitro-compounds are not formed. Under these c o n d i t i o n s , 
a d d i t i o n occurs by a h e t e r o l y t i c mechanism w i t h the formation of n i t r o s o 
54 
n i t r a t e s . The o r i e n t a t i o n of a d d i t i o n has been shown t o obey 
55 Markownikoff 1s r u l e by a h y d r o l y s i s procedure i n the case of propene , and 
56 
a series of o l e f i n s , i n c l u d i n g 3-chloro-2-methylpropene. The h y d r o l y s i s 
48 
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C — CH=0 
0N0r 
-34-
2.6 Addition of dinitrogen t r i o x i d e to olefins 
The addition reactions of dinitrogen t r i o x i d e and nitrous acid have been 
shown to give the same products."^'"^ The mechanism of addition of dinitrogen 
t r i o x i d e to olefi n s i s subject to the same complexities as the addition of 
58 
dinitrogen tetroxide. I n e a r l i e r reports the addition of nitrous fumes to 
olefins was regarded as addition of dinitrogen t r i o x i d e , despite the fact 
that the composition of the vapour was known to vary considerably as the 
concentration of the acid was changed. 
Another source of error arose i n the orientation of heterolysis of 
49 
dinitrogen t r i o x i d e . Ingold inferred that heterolysis would occur as shown: 
°3- ^° _ ^ v -
N N — . * NXN N=0 
and hence e l e c t r o p h i l i c attack would occur through the nitronium ion, NC^"*". 
The structure has been shown to be of the n i t r o - n i t r o s o form by u l t r a v i o l e t , 
infrared and nuclear magnetic resonance studies"*^ , with a weak N-N 
bond formed by n-jt o r b i t a l overlap. The charge i n the non-bonding molecular 
o r b i t a l of the n i t r o - n i t r o s o molecule i s very largely on the nitro-oxygen 
59 
atoms , whereas i n the higher bonding o r b i t a l much of the charge i s on the 
nitroso-oxygen, suggesting heterolysis according to: 
N — — v N + NO 
-35-
Th i s i s i n agreement with observations i n diazotisation i n which the 
e n t i t y N0+, furnished by a car r i e r NOX (where X may be NC^), becomes bound 
to a nitrogen nucleus i n an e l e c t r o p h i l i c reaction. 
Early work on the addition of dinitrogen t r i o x i d e was interpreted i n 
terms of a free radical mechanism or an el e c t r o p h i l i c mechanism, i n which 
the erroneous heterolysis was considered.^ The reaction sequence suggested 
was: 
OCH OCH 
CH=CHCH CHCH CH 
NO NO 
0 6- 5+y ON N R 
Ac„0/H„SO 
OCH OCH 
* 1 - ^ CH CHCH CH CHCH reduced 4 e l e c t r o l y t i c a l l y OH NH OAc NO 
OAc 
-36-
An equally v a l i d representation would be: 
OCH OCH 
n 





R CH CHCH3 CH CHCH 
reduced OH NH OAc NO e l e c t r o l y t i c a l l y 
OAc 
This representation i s supported by the report that the addition of 
dinitrogen t r i o x i d e to propenylbenzene involves the formation of a cis-
62 adduct: 
Ph H 








C — Me 
H' NO NOr 
-3 7-
Knowing that the heterolysis of dinitrogen t r i o x i d e occurs i n a d i f f e r e n t 
manner, the intermediate could be: 
Ph H 
\ / 









The acetylation reaction as reported must involve replacement of a hyponitrite 
anion, NO. This seems unlikely, and i n the scheme suggested above, acetylation 
would involve the replacement of a n i t r i t e ion, NO2, which i s known to be 
52 63 
easily displaced by water and alcohols. This mode of heterolysis of 
dinitrogen t r i o x i d e also allows explanation of the orientation of addition of 
dinitrogen t r i o x i d e i n certain cases which otherwise are d i f f i c u l t to account 
fo r , such as: 
Me _ H 
v n/ 
c = c Me' \ Me 





2.7 Reaction of nitrous acid and oximes 
This reaction i s analogous to the reactions discussed i n the previous 
section, since i t involves attack by an el e c t r o p h i l i c nitrogen-containing 
-38-
species on a it-bond system. Aqueous nitrous acid readily converts oximes 
into the corresponding carbonyl compounds and nitrous oxide and the mechanism 
has been elucidated by study using O ^ - l a b e l l i n g . ^ Reaction of the oxime 
18 
with 0 -labelled nitrous acid yields unlabelled ketone and labelled nitrous 
oxide, whilst reaction of the labelled oxime with unlabelled nitrous acid 
18 
gave 0 -free nitrous oxide. Thus the oxygen i n the oxime becomes the oxygen 
i n the carbonyl compound, and the following mechanism has been proposed to 
account for the observations: 
>C=N + NOX _ > > C — N — N = 0 
i 1 8H N>18H 
T 
1 8 
>C=-0 + N„0 •< >C — N — N = 0 2 Vs o + 
H 
28 
This mechanism i s similar to that proposed by Austin except he suggested 
attack by solvent water on the intermediate. 
2.8 Addition of dinitrogen pentoxide to olefins 
The addition of dinitrogen pentoxide to olefins has been l i t t l e studied, 
but i t has been shown to obey the Markownikoff rule: ^ ' ^ ' ^ 
-39-
N 20 5 C H 3 \ 
CH.CH=CH0 >• CH-CH-NO- + substitution products 3 2 CH_C1. ^ 2 2 
2 2 0N0o 
I n the presence of tetraethyl ammonium n i t r a t e the rate of reaction i s not 
altered and there i s no change of products. The reaction also yields 1,2-cis-
adducts with c i s - and trans-2-butene, cyclohexene and c i s - and trans-stilbene. 
H 
2 Thus the attacking reagent i s not the nitronium ion, N0„
+, but involves a 
concerted cis-addition of dinitrogen pentoxide: 
5-
y \ 
6- N0r N0„ 
I I I 
Alt e r n a t i v e l y i t has been suggested that the intermediate may be a t i g h t 
68 
ionic pair ( I I ) , which collapses p r e f e r e n t i a l l y to the cis-adduct or loses 
a proton to form substitution products. 
2.9 Addition of n i t r o s y l chloride to olefins 
There i s an extensive l i t e r a t u r e on the addition of n i t r o s y l chloride to 
o l e f i n s ^ 1 ^ , and an example was reported as early as 1875.^ The reaction 
gives 1:1 adducts characterised by their blue colour, but i n some cases these 
form colourless dimers or, i f the nitroso group has a l a b i l e a-hydrogen, 
-40-
isomerise to the oxime. Much of the early work i s complicated by further 
reaction of the nitroso chlorides. The possible primary products associated 
72 
with general additions are summed up i n Table 2.3, where each of the 
products can also possibly exist as a dimer. 
Table 2.3. 
Type of Olefin Products Isomerisation 
R.^ R2C=CHR3 




The addition i s e l e c t r o p h i l i c as shown by the increased ease of formation 
of the nitroso-chlorides on substitution of electron-donating groups on the 
73 
double bond. I t obeys Markownikoff 1s r u l e , n i t r o s y l chloride being known 
6+ 5- 74 
to be polarised i n the sense ON—Cl. This mode of orientation of addition 
has been observed on many occasions, and a few examples are: 
Me2C=CH2 Me2CClC=N0H 7 5 
MeOCH=CH2 • (MeOCHClCH2NO)2 7 6 
77 78 
Me2C=CHMe • (Me2CClCH(NO)Me)2 ' 
I n general terms the reaction can be represented as: 
-41-
>C=CH + N0C1 > >CCl-|H(NO) v N (>CCl-CHNO)2 
I 
>CCl-C=NOH 
The stereochemistry of n i t r o s y l chloride addition has not been widely 
studied and the results obtained present a rather confusing picture. The 
best understood system i s the addition of n i t r o s y l chloride to b i c y c l i c 
12 
ole f i n s . I t was found that norbornene gave 65% cis-exo adduct (isolated as 
the dimer) on reaction with n i t r o s y l chloride, indicating no detectable 
amounts of rearrangement. Norbornyl carbonium ions tend to rearrange 
79 
readily , and i t was concluded that the carbon atoms involved i n the addition 
did not develop much p a r t i a l positive charge. 2-norbornene-endo-5-carboxylic 
acid i s well-known to give lactonic products i n el e c t r o p h i l i c addition 
reactions, but less than 10% could have been formed i n the addition of 
n i t r o s y l chloride. 
Thus no appreciable carbonium ion character i s developed i n the addition 
of n i t r o s y l chloride. The prevalence of cis-addition i n the addition 
12 
reactions led Meinwald to postulate a four-centre t r a n s i t i o n state as has 
been suggested for the addition of dinitrogen pentoxide and dinitrogen 
t r i o x i d e to olefins: 
-42 -
The preferential addition of n i t r o s y l chloride to a trans double bond i n 
c i s , trans, trans -1 ,5 ,9-cyclododecatiene i s consistent with a molecular cis-
addition, since i t i s known that trans addition reagents ( f o r example HCl) 
do not show any s e l e c t i v i t y between trans and cis double bonds, whilst cis 
80 
reagents show preference for a trans double bond ( f o r example OsO^). 
9 12 
However with A -octatin , n i t r o s y l chloride forms a trans adduct 
N0C1 
Hence the orientation of addition i s very dependent on the stereochemistry of 
the reactant, as has been observed for general e l e c t r o p h i l i c addition. Also 
the stereochemistry of addition of n i t r o s y l chloride i s dependent on the 
solvent used; cyclo-hexene giving cis-addition i n l i q u i d sulphur dioxide and 
81 
trans-addition i n chloroform or dichloromethane. 
The kinetics of addition of n i t r o s y l chloride to a range of o l e f i n i c 
compounds have recently been examined by Beier, Hauthal and Pritzkow."^ 
They found the rate was f i r s t order i n both o l e f i n and n i t r o s y l chloride, 
that i s : 
-d [ N 0 O i = k 2[olefin][NOCl] 
-43-
The r e l a t i v e rates of reaction i n chloroform were shown to be consistent with 
of 5-
the view that the reaction involves e l e c t r o p h i l i c attack by NO—Cl, polarised 
i n the sense indicated. Electron-releasing groups (e.g. a l k y l groups) 
accelerated the reaction, whilst electron-withdrawing groups retard the 
reaction. The effect of structure was similar to that for epoxidation of 
olefi n s . Relative rates for the addition of n i t r o s y l chloride to 
substituted ethylenes i n chloroform increase i n the order: 
RCH=CH2 R2C=CH2 RCH=CHR R2C=CHR 
Relative Rate = 1 20 20-30 >600 
The observed rate constants for the addition i n chloroform of n i t r o s y l 
chloride to some olefins are shown i n Table 2.4. 
The effect of solvent on the rate of reaction as measured with cyclo-
hexene i s i l l u s t r a t e d by the r e l a t i v e rates: 
Et 20 CC14 n - c 7 H i 6 p h C N p h N 0 2 CHC13 
Relative Rates O'l 0*7 1 7 10 15 
The rate tends to increase with p o l a r i t y of the solvent, but the effect i s not 
as large as for other e l e c t r o p h i l i c additions. The reaction was very slow i n 
diethyl ether; suggested to be due to interaction of the solvent with NO*. 
2.10 Addition of n i t r o s y l sulphuric acid to olefins 
32 
Boiler and Whi t f i e l d have studied the addition of n i t r o s y l sulphuric 
acid across o l e f i n i c bonds i n l i q u i d sulphur dioxide as solvent. The 
orientation of addition and acceleration of the reaction by increasing a l k y l 
-44-
Table 2.4 
Reaction rates of addition of n i t r o s y l chloride 
to olefins i n chloroform 














substitution indicate e l e c t r o p h i l i c attack by the reagent polarised i n the 
&+ 6-
sense ON—HSO^. Reaction of 2-methyl-2-butene with n i t r o s y l sulphuric acid, 
followed by treatment with aqueous a l k a l i , yielded 3-hydroxy-2-methyl 
butan-2-one oxime: 
Me &H- 5- Me \ NO-HSO, \ 
C=CHMe >- C—CHMe 
Me' Me NO 
OS02OH 
\ ^ H20/OH \ 
C—C(=NOH)Me •<— C—CMe(=NOH) 
OH OS02OH 
Nitr o s y l sulphuric acid does not react with propene but w i l l react with 
isobutene, hence the authors conclude that two a l k y l substituents on the 
double bond are necessary to make i t s u f f i c i e n t l y reactive. Thus i t seems 
that n i t r o s y l sulphuric acid i s not as reactive an e l e c t r o p h i l i c reagent as 
n i t r o s y l chloride. 
2.11 Addition of n i t r o s y l formate to olefins 
83 84 
Hamann and Swern ' have reacted n i t r o s y l formate with many ole f i n s . 
This reaction i s very similar to the addition reaction of n i t r o s y l chloride 
with o l e f i n s i n that the reaction yields monomers and dimers depending upon 
the structure of the o l e f i n . The addition obeys the Markownikoff rule and i s 
-46-
cis to norbornene and trans to cyclohexene i n a polar solvent (formic ac 
Also the reaction i s accelerated by increased a l k y l substitution on the 
double bond. 
The reaction sequence i s : 
Me 5- Me Me " \ NO-0„CH \ * . i . \ 
N n - n ™ - 2 ^ X „ _ ™ » „ hydrolysis. \, C=CHMe V C—CHMe — — J > C—CMe 
Me' Me' / -•// I « / l 
02CH NO OH 0 
Section 2. 
Chapter 3 
Products of the addition reaction of nitrous acid and some olefins 
-47-
3.1 Addition reaction of 3-chloro-2-methylpropene and nitrous acid 
3.1.1 Earlier Work 
85 Kooyman, Farenhorst and Werner reacted nitrous acid with 3-chloro-2-
methylpropene and obtained a blue o i l , which could not be d i s t i l l e d due to 
decomposition. On reaction with a l k a l i , the blue o i l yielded an o l e f i n , 
which was characterised by ozonolysis and i d e n t i f i c a t i o n of the resultant 
nitroacetone as i t s 2,4-dinitrophenylhydrazone. On the basis of t h i s and 
the then known heterolysis of dinitrogen t r i o x i d e , they suggested the 
following reaction sequence: 
Me \ C=CH„ 
C1CH 
Me. 
NO Me 2 \ + ^—>• N C-CH2N02 
C I C H ^ 
NO 
C1CH 





S\ 2 2 
2 NO 
Me—C-CH2N02 + [ClCHO] 
Scheme 3.1. 
-48-
3.1.2 Present Work 
The r e a c t i o n of n i t r o u s a c i d and 3-chloro-2-methylpropene y i e l d e d a 
blue o i l ( I ) , which could be p u r i f i e d by f r a c t i o n a l d i s t i l l a t i o n ( b o i l i n g 
p o i n t 25°C/0*5 mm). The colour of the o i l changed to yellow on standing 
f o r a prolonged period i n the l i g h t . The i n f r a r e d spectrum showed peaks at 
2*84, 6*03, 6*09, 6*42, 10*60, 11*16 and 12*00 (u. i n a d d i t i o n to those of 
the o l e f i n . (The i n f r a r e d spectrum i s discussed i n more d e t a i l i n 
Appendix 1.) There was a weak v i s i b l e absorption maximum at 665 m/i i n 
carbon t e t r a c h l o r i d e s o l u t i o n . 
This same blue o i l (as shown by i d e n t i c a l i n f r a r e d spectra) was 
obtained by a d d i t i o n of d i n i t r o g e n t r i o x i d e to the o l e f i n i n the absence of 
a solvent and also i n ether s o l u t i o n , i n d i c a t i n g t h a t the elements of 
d i n i t r o g e n t r i o x i d e are added to the o l e f i n . 
On h y d r o l y s i s w i t h 15% s u l p h u r i c a c i d at ca. 65°C f o r two days, a 
yellow brown product was obtained, which y i e l d e d 3-chloro-2-hydroxy-2-methyl 
pr o p i o n i c a c i d ( I I ) on reduced pressure d i s t i l l a t i o n (96°C/1 mm). The 
i d e n t i t y of I I was established by elemental analysis of the a c i d and i t s S-
benzylthiouronium s a l t , and was confirmed by pre p a r a t i o n of an a u t h e n t i c 
86 
sample of the acid from methacrylic a c i d and hypochlorous acid , and 
comparison of p h y s i c a l p r o p e r t i e s and i n f r a r e d spectra, and mixed m e l t i n g 
p o i n t s . Also n i t r o u s a c i d and hydroxylamine were detected i n the r e a c t i o n 
mixture. 












H /H20 | 
> C1CH„— C—CH 
( i ) 2 I 
OH NOH 
( I ) 
( i i ) 
Me 
\ 
C I — CH„ C-
2 / OH 
C02H 
( I I ) 
( i i i ) 
Me 
C1CH 2— C — CHO + NH2OH 
OH 
Scheme 3.2. 
( i ) primary n i t r o s o compounds isomerise e a s i l y t o oximes 
88 
( i i ) Oxime h y d r o l y s i s produces hydroxylamine. 
87 
( i i i ) oc-hydroxyaldehydes are e a s i l y oxidised to the corresponding acids. 89 
An analogous h y d r o l y s i s procedure has been used to i d e n t i f y the products 
48 
of a d d i t i o n of d i n i t r o g e n t e t r o x i d e t o a series of o l e f i n s . The same 
product, 3-chloro-2-hydroxy-2-methylpropionic ac i d ( I I ) , was i s o l a t e d from 
the r e a c t i o n of d i n i t r o g e n t e t r o x i d e and 3-chloro-2-methylpropene. 
Primary n i t r o compounds are hydrolysed to carbonyl compounds by a c i d , but 
secondary n i t r o compounds and presumably t e r t i a r y n i t r o compounds do not 
undergo h y d r o l y s i s . ^ Shechter and Ley"^ obtained a n i t r o s o - n i t r o compound 
-50-
on a d d i t i o n of n i t r o u s a c i d to p - n i t r o s t y r e n e . This compound y i e l d e d an oc-
n i t r o k e t o n e on h y d r o l y s i s w i t h concentrated sul p h u r i c a c i d , which i n d i c a t e s 
t h a t a n i t r o group i s stable under these c o n d i t i o n s . 
The blue o i l ( i ) reacted w i t h sodium hydroxide a t room temperature to 
y i e l d I I I . Q u a n t i t a t i v e study of the r e a c t i o n showed t h a t one mole of blue 
o i l ( I ) reacted w i t h two moles of sodium hydroxide t o y i e l d one mole of 
c h l o r i d e ion and n i t r i t e i o n (no t determined q u a n t i t a t i v e l y ) . One mole of 
I I I reacted w i t h one mole of p e r i o d i c acid. The blue o i l ( i ) , however, d i d 
not react w i t h p e r i o d i c a c i d . Formaldehyde was detected i n the r e a c t i o n of 
I I I w i t h p e r i o d i c a c i d . Scheme 3.3 represents these observations: 
Me Me 
^C—CH-NO ° H > ^C—CH-NO + C l " + NO, 
S\ 2 / I 2 
C 1 C H 2 0N0 H ° C H 2 OH 
( I ) ( I I I ) 
HIO. 4 
CH20 + Me-C—CH 2N0 
Scheme 3.3. 
The r e a c t i o n of I w i t h sodium hydroxide y i e l d e d only I I I i n the c o l d , 
but on heating a large q u a n t i t y of a carbonyl compound was produced, as shown 
-51-
by the appearance of a peak a t 5 * 8 5 i n the i n f r a r e d spectrum. 
Ref l u x i n g of I i n ethanol y i e l d e d n i t r i t e i o n . The replacement of an 
organic n i t r i t e group using a general compound ROH (where R i s H or a l k y l ) 
63 
i s w e l l established. Controversy e x i s t s i n the l i t e r a t u r e as to whether 
d i n i t r o g e n t r i o x i d e (or n i t r o u s a c i d ) produces a n i t r o s o - n i t r i t e or a 
58 
n i t r o s o - n i t r o compound. I t i s s u f f i c i e n t t o note here t h a t a d d i t i o n to 
91 
produce a n i t r o s o - n i t r i t e has been reported and i n the analogous a d d i t i o n 
of d i n i t r o g e n t e t r o x i d e the formation of a n i t r o s o - n i t r a t e i s w e l l 
e s t a b l i s h e d . 
3.2 A d d i t i o n r e a c t i o n of 3-chloropropene and n i t r o u s a c i d . 
The r e a c t i o n of 3-chloropropene w i t h n i t r o u s a c i d or d i n i t r o g e n t r i o x i d e 
y i e l d e d a white s o l i d ( I V ) and a green o i l (V). The white s o l i d melted to a 
green o i l and had a measured molecular weight of 153*5 (monomer molecular 
weight i s 152*5) i n e t h y l methyl ketone s o l u t i o n . S i m i l a r l y , a monomer 
molecular weight has been observed f o r the analogous ethylene compound i n 
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s o l u t i o n i n e t h y l methyl ketone. Both IV and V gave c h l o r o a c e t i c a c i d on 
h y d r o l y s i s i n 15% s u l p h u r i c a c i d at ca. 65°C f o r two days. (3 - c h l o r o l a c t i c 
a c i d , under s i m i l a r h y d r o l y s i s c o n d i t i o n s , does not react and can be i s o l a t e d 
unchanged from the r e a c t i o n mixture. Thus both IV and V must be of the 2-
n i t r o s o - l - n i t r i t e form, t h a t i s w i t h "anti-Markownikoff" o r i e n t a t i o n of 
a d d i t i o n , as i s mainly the case w i t h the product from the r e a c t i o n of 3-
93 94 chloropropene w i t h hypochlorous a c i d and hypobromous a c i d . The r e a c t i o n 
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sequence i s shown i n Scheme 3.4. 
CH2=CHCH2C1 
N-0 H+/H20 
> CH^—CHCH2C1 — > HOCH —C—CH 2C1 
ONO NO 
(Monomer and Dimer) 
NOH 
HCHO + H02CCH2C1 •<- HOCH-C—CH0Cl I I 0 
Scheme 3.4. 
3.3 A d d i t i o n r e a c t i o n of 2-methyl-2-butene and n i t r o u s a c i d 
The r e a c t i o n of n i t r o u s a c i d w i t h 2-methyl-2-butene produced a green 
o i l ( V I ) , which was also formed by r e a c t i o n w i t h d i n i t r o g e n t r i o x i d e . The 
products were shown t o be i d e n t i c a l by comparison of t h e i r i n f r a r e d spectra. 
The green o i l ( V I ) d i d not undergo the i s o m e r i s a t i o n and h y d r o l y s i s 
7 7 78 
rea c t i o n s t h a t were reported f o r the corresponding n i t r o s o c h l o r i d e . ' 
However, on r e a c t i o n of the h y d r o l y s i s product V I I w i t h p e r i o d i c a c i d , 
acetone and a c e t i c a c i d were detected, as the 2,4-dinitrophenylhydrazone and 
s-benzylthiouronium s a l t r e s p e c t i v e l y . This confirmed the c o n s t i t u t i o n of 
V I I as 2-hydroxy-2-methyl-3-butanone. The r e a c t i o n sequence i s presented i n 
Scheme 3.5. 
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\ N2°3 \ 
Me 
C=CHMe ^ Me—C—CHMe 
/ I I 
ONO NO 
VI 
M 6 \ HIO, M \ 
C=0 + MeCO„H -< — C—CMe 
Me' Me 1 
OH 0 
V I I 
H /H„0 
Scheme 3.5. 
3.4 A d d i t i o n r e a c t i o n of other o l e f i n s and l i q u i d d i n i t r o g e n t r i o x i d e 
L i q u i d d i n i t r o g e n t r i o x i d e was added to a number of o l e f i n s . 3-Hydroxy-
2-methylpropene and 2,4,4-trimethyl-2-pentene y i e l d e d i n t e n s e l y coloured 
l i q u i d products, w h i l s t 2,3-dimethyl-2-butene, 2-methylpropene and propene 
yielded a white s o l i d i n a d d i t i o n to an i n t e n s e l y coloured l i q u i d product. 
Elemental a n a l y s i s of the s o l i d product from 2-methylpropene and propene 
were co n s i s t e n t w i t h t h e i r c l a s s i f i c a t i o n as n i t r o s o - n i t r i t e s . The i n f r a r e d 
spectra and mass spectra of a l l the products were also c o n s i s t e n t w i t h those 
of n i t r o s o - n i t r i t e s . 
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3.5 Nature of the S o l i d A d d i t i o n Products 
The s o l i d a d d i t i o n products of 3-chloropropene, 2-methylpropene and 
propene melted to an o i l . When d i n i t r o g e n t r i o x i d e was added to 2-methyl-
propene, two products were formed. They were separated by f i l t r a t i o n and 
a white s o l i d and a green l i q u i d obtained. On s t a n d i n g , s o l i d s e t t l e d out 
of the green o i l . This could have been caused by some s o l i d d i s s o l v i n g 
i n the l i q u i d b ut, even when subject t o repeated f i l t r a t i o n , s o l i d s e t t l e d 
out of the l i q u i d . The same phenomenon was observed f o r the a d d i t i o n 
compounds of propene. Thus i t appears th a t the s o l i d was forming 
continuously from the l i q u i d product. 
I n general the s o l i d a d d i t i o n products were i n s o l u b l e i n most organic 
solvents. The s o l i d product from the a d d i t i o n of n i t r o u s a c i d t o 3-chloro-
propene ( I V ) was soluble only i n ketonic solvents of the common organic 
solvents. I t dissolved i n e t h y l methyl ketone to give a green s o l u t i o n , 
and the molecular weight i n t h i s s o l v e n t , determined w i t h a vapour pressure 
osmometer, was t h a t of the monomer. Pr e l i m i n a r y measurements of the 
molecular weight of the s o l i d a d d i t i o n compounds of 2-methylpropene and 2,3-
dimethyl-2-butene i n benzene i n d i c a t e d t h a t the compounds were present as 
the monomer, which i s also suggested by the blue colour of the s o l u t i o n . 
The monomer molecular weight has been observed f o r the dimer of the 




The s o l i d products obtained are most l i k e l y dimeric n i t r o s o - n i t r i t e s 
and not p o s i t i o n isomers, since i n the a d d i t i o n of n i t r o u s a c i d to 3-chloro-
propene, the r a t i o of the q u a n t i t y of green o i l (V) to the q u a n t i t y of 
white s o l i d ( I V ) v a r i e d from 2*67 to 1*38. I f IV and V are p o s i t i o n isomers 
then the r a t i o of the q u a n t i t y of the two products would be expected to 
remain approximately constant. 
Production of monomer from dimer on d i s s o l u t i o n or heating has been 
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observed many times and forms an e s s e n t i a l p r e l i m i n a r y to most r e a c t i o n s of 
dimeric n i t r o s o compounds. Thus, the r a t e determining step of the 
i s o m e r i s a t i o n of secondary dimeric n i t r o s o compounds to oximes i n d i l u t e 
h y d r o c h l o r i c acid i s the d i s s o c i a t i o n t o the monomeric n i t r o s o compound.^ 
The observed behaviour of the a d d i t i o n products of the r e a c t i o n of 
n i t r o u s a c i d w i t h some o l e f i n s i s summarised i n Table 3.1. 
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N i t r o s o compounds can e x i s t as dimers and the isomeric oximes , but 
is o m e r i s a t i o n to the oxime can only occur i f the n i t r o s o group i s adjacent 
to an cc-hydrogen atom and i s accelerated by the presence of h y d r o x y l i c 
9 7 98 
solvents. I n general , s o l u t i o n s of t e r t i a r y n i t r o s o compounds are blue, 
owing to considerable d i s s o c i a t i o n , whereas s o l u t i o n s of primary and 
secondary n i t r o s o compounds are co l o u r l e s s because they e x i s t mainly i n the 
dimeric form. 
The behaviour observed f o r the s o l i d a d d i t i o n compounds i s t y p i c a l of 
dimeric n i t r o s o compounds. Further study of these compounds by u l t r a v i o l e t 
absorption techniques i s i n a p p l i c a b l e since the dimer d i s s o c i a t e s on 
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Table 3.1. 








2 I 1 
ONO NO 
Monomer only 
C1CH2CH=CH2 /C1CH 2CH—CH 2 \ Monomer and dimer; 
^ NO ONO ' n dimer gives monomer on 
n = 1 or 2 d i s s o l u t i o n and heati n g . 
Me2C=CH2 X /Me 2C-CH 2N Monomer and dimer; 
\ ONO NO / n dimer gives monomer on 
n = 1 or 2 d i s s o l u t i o n and heating. 
MeCH=CH2 * ,/MeCH—CH„ \ 
1 | | Z 1 
Monomer and dimer; 
\ ONO NO / 2 dimer gives monomer on 
n = 1 or 2 d i s s o l u t i o n and heating. 
x St r u c t u r e of products not completely confirmed, but s t r o n g l y supported 
by experimental evidence and by analogy w i t h e a r l i e r r eactions and 
react i o n s of these o l e f i n s w i t h d i n i t r o g e n t e t r o x i d e . ^ ' " ^ 
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d i s s o l u t i o n i n an organic solvent. Also mass s p e c t r a l studies are not 
s u i t a b l e since i t i s more than l i k e l y t h a t the dimer d i s s o c i a t e s a t the 
temperature of the i o n i s a t i o n chamber, as observed f o r dimeric n i t r o s o 
99 
methane. 
An X-ray c r y s t a l l o g r a p h i c study has been c a r r i e d out on the trans dimer 
92 o o of 2 - n i t r o - n i t r o s o e t h a n e . This dimer has N-N 1*304 A, N-0 1*262 A, C-N 
o o 1*47 A. The short N-N bond le n g t h (compare N-N i n hydrazine of 1*41 A) 
i n d i c a t e s s i g n i f i c a n t double bond character. Thus canonical s t r u c t u r e s of 
the type V i l l a and V H I b do not adequately account f o r the experimental 
observations, since the N-N bond le n g t h would then be very s i m i l a r t o the 
t y p i c a l N-N s i n g l e bond l e n g t h i n hydrazine. Van Merssche and Leroy''"^ 
have estimated by molecular o r b i t a l methods t h a t V i l l a , V H I b and V I I I c 
c o n t r i b u t e 24, 24 and 537- r e s p e c t i v e l y . 
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V I I I c 
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L u t t k e * found t h a t there were two d i f f e r e n t p atterns e x h i b i t e d 
i n the i n f r a r e d spectra of dimeric n i t r o s o compounds, which was i n 
co n f i r m a t i o n of u l t r a v i o l e t absorption observations. He showed t h a t these 
could only be ascribed to c i s - t r a n s i s o m e r i s a t i o n . The c h a r a c t e r i s t i c NO 
95 
wavelengths i n (RNO^ are presented i n Table 3.2. A comparison of the 
i n f r a r e d spectra of the s o l i d and corresponding l i q u i d products of the 
a d d i t i o n r e a c t i o n s allowed the assignment of the t y p i c a l peaks of the dimeric 
compounds. These are shown i n Table 3.3. Comparison of these t y p i c a l 
peaks w i t h those of c i s and trans dimers i n Table 3.2 i n d i c a t e s t h a t these 
compounds have i n f r a r e d spectra which are co n s i s t e n t w i t h those of trans 
dimers. 
Table 3.2. 
R Trans-dimer Cis-dimer 
A l i p h a t i c 
Aromatic 
and the a l i 
Single band between 
8*50 and 7'75 / i - • 
Single band between 
7*98 and 7*70 / L / . 
phatic C-N s t r e t c h i n the 
Double band between 7*56 and 
7*46 n' , and 7*52 and 7-04^ .. 
Double band between 7*20 and 
7*16 n , and 7 *10 n . 
region 9*26 to 9'62 ^ . 
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Table 3.3. 
A d d i t i o n Compound Typ i c a l Peaks 
/ C1CH0CH CH0 N 
( 1 ) \ NO ONO/ 2 
8-49 and 9-68 M . 
/Me 2C-CH 2\ * 
\ ONO NO /2 
8 -49 and 9•70 M • 
/ MeCH CH2 \ * V ONO NO '2 
8-59 and 9*51 » -. 
x as i n Table 3.1. 
Chapter 4. 
Experimental techniques f o r the r e a c t i o n of n i t r o u s 
a c i d and some o l e f i n s (Chapter 3 ) . 
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4.1 Reaction of 3-chloro-2-methylpropene w i t h n i t r o u s a c i d 
To s u l p h u r i c a c i d (50 ml., s.g. 1*84) i n water (200 ml.) i n a three-
necked f l a s k was added 3-chloro-2-methylpropene (90 m l . ) . A s o l u t i o n of 
sodium n i t r i t e (165 gm. sodium n i t r i t e i n 220 ml. water) was introduced 
slowly from a dropping f u n n e l , w h i l s t the temperature was maintained below 
5°C throughout the a d d i t i o n . The blue o i l formed almost immediately and, 
since i t was denser than water, could be separated q u i t e e a s i l y . 
Excess sodium n i t r i t e was always used, but t o remove excess o l e f i n the 
blue o i l was pumped on the r o t a r y evaporator f o r some time. The blue o i l 
was d r i e d overnight (MgSO^) and was stored i n the r e f r i g e r a t o r , since i t 
changed colour i n the l i g h t . Vapour phase and column chromatography could 
not be used as a method of p u r i f i c a t i o n . 
Ether e x t r a c t i o n of the aqueous l a y e r , saturated w i t h sodium sulphate, 
followed by d r y i n g (MgSO^) and removal of the ether by d i s t i l l a t i o n , y i e l d e d 
the blue o i l , i f the e x t r a c t i o n was performed immediately a f t e r the r e a c t i o n 
was completed. I f some time elapsed before e x t r a c t i o n , then a yellow-brown 
o i l was obtained. 
The blue o i l ( i ) d i s t i l l e d at 25°C/0*5 mm., and the residue, a more 
viscous green o i l , d i s t i l l e d at 40°C/0*5 mm. 
The i n f r a r e d spectrum (contact f i l m ) of the blue o i l (Spectrum No.l i n 
Appendix 1) showed the f o l l o w i n g peaks i n a d d i t i o n t o those of the o l e f i n ] 
6*09, 6*42, 7*54, 10*59, 11*18, 12*00 p. The mass spectrum showed a high 
- 6 1 -
mass peak at M90/92 ( P - N ^ ) and a base peak at M30 (NO ). 
The blue o i l had the f o l l o w i n g elemental a n a l y s i s : C,34'6%; H,4*57 0; 
Cl ,22 '0% (expected f o r n i t r o s o - n i t r i t e ; C,28«87„; H ,4'27.; 01 ,21 -37 . ) . 
The v i s i b l e absorption spectrum of the blue o i l i n carbon t e t r a c h l o r i d e 
s o l u t i o n was recorded on a Unicam SP800. There was a v i s i b l e absorption 
maximum at 665 m/j. 
4 . 2 Hydrolysis of a d d i t i o n compound of n i t r o u s a c i d and 3-chloro - 2-methyl-
propene ( i ) . 
A s o l u t i o n of s u l p h u r i c a c i d (50 ml. concentrated s u l p h u r i c a c i d i n 
300 ml. water) was added to the blue o i l (10 gm.). The r e a c t i o n mixture was 
kept at ca .65°C f o r two days. The s o l u t i o n was ether e x t r a c t e d and the ether 
removed by d i s t i l l a t i o n . This y i e l d e d a yellow-brown o i l , the i n f r a r e d 
spectrum of which showed peaks appearing at 5*85 and 9 * 0/i and disappearing a t 
6*09 and 6*42 /j . The product was d i s t i l l e d under reduced pressure and 
y i e l d e d a l i q u i d d i s t i l l i n g a t 56°C /0*1 cm. (which was unreacted s t a r t i n g 
m a t e r i a l ) and a white s o l i d d i s t i l l i n g as a l i q u i d at 96°C /0*1 cm. This 
s o l i d was r e c r y s t a l l i s e d from benzene. I t was saluble i n organic solvents and 
gave an a c i d i c s o l u t i o n i n water. The m e l t i n g p o i n t was 106°C ( L i t e r a t u r e ' ' " ^ 
106-7°C). The i n f r a r e d spectrum i s Spectrum No.5 i n Appendix 1. 
Elemental a n a l y s i s : C,34-47„; H,4*77oj Cl , 2 6 - 2 7 0 ; ( c a l c u l a t e d : C,34«77„; H ,5'057„; 
Cl ,25 -67o) . 
I n order to determine the best experimental c o n d i t i o n s f o r the h y d r o l y s i s 
r e a c t i o n , three hydrolyses were performed under d i f f e r e n t experimental 
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c o n d i t i o n s . I d e n t i c a l s o l u t i o n s were prepared i n each instance, but 
experimental con d i t i o n s were changed as shown: 
Reaction Temperature Time 
(1) Room Temperature 36 hours 
(2) Room Temperature 48 hours 
(3) ca.65°C 24 hours 
The amount of h y d r o l y s i s was assessed, a f t e r i s o l a t i o n by ether e x t r a c t i o n , 
by comparison of i n f r a r e d spectra w i t h p a r t i c u l a r reference t o the peak at 
5*85 n. Reactions ( 1 ) and ( 2 ) produced very l i t t l e a c i d w h i l s t ( 3 ) 
produced a la r g e q u a n t i t y . Thus, t o e f f e c t h y d r o l y s i s i n a reasonable time, 
the r e a c t i o n must be performed at ca.65°C. 
104a 
4.3 Preparation of the S-benzylthiouronium s a l t of a ca r b o x y l i c a c i d 
The a c i d (0*25 gm.) was dissolved i n warm water (5 ml.) a drop or two 
of phenolphthalein added, and the s o l u t i o n n e u t r a l i s e d w i t h sodium hydroxide 
s o l u t i o n . 2-3 drops of 0*1N h y d r o c h l o r i c a c i d were added t o ensure t h a t the 
s o l u t i o n was very s l i g h t l y a c i d i c . A s o l u t i o n c o n t a i n i n g S-benzyl-iso-thio-
uronium c h l o r i d e ( 1 gm.) i n water (5 ml.) was introduced, and the s o l u t i o n 
cooled i n i c e u n t i l p r e c i p i t a t i o n was complete. The c r y s t a l l i n e product 
was r e c r y s t a l l i s e d from aqueous a l c o h o l . The d e r i v a t i v e melted at 146°C. 
Elemental Analysis: C,46«47„; H,5'2%; Cl,19'2%. (Calculated: C,47'3%; H,5'67„; 
CI,11-77=). 
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4.4 P r e p a r a t i o n of 3-chloro-2-hydroxy-2-methylpropionic a c i d by a d d i t i o n 
of hypochlorous a c i d to m e t h a c r y l i c a c i d 
4 . 4 . ( a ) P r e p a r a t i o n of m e t h a c r y l i c a c i d from methylmethacrylate 
A l k a l i n e or a c i d i c h y d r o l y s i s under r e f l u x was i n e f f e c t i v e s i n c e i t 
y i e l d e d polymeric m a t e r i a l . H y d r o l y s i s was c a r r i e d out by s t i r r i n g w ith 
sodium hydroxide ( 2 0 % ) at room temperature for 24 h o u r s . M e t h a c r y l i c a c i d 
was i s o l a t e d by ether e x t r a c t i o n from a c i d i c s o l u t i o n . 
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4.4.(b) A d d i t i o n of hypochlorous a c i d to m e t h a c r y l i c a c i d 
C h l o r i n e was bubbled through water and the s o l u t i o n was shaken with 
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f r e s h l y p r e c i p i t a t e d y e l l o w m e r c u r i c oxide ( d i s s o l v e d i n concentrated 
n i t r i c a c i d and r e - p r e c i p i t a t e d by adding sodium hydroxide) f o r an hour. The 
s o l u t i o n was then r a p i d l y d i s t i l l e d under reduced p r e s s u r e a t 30-35°C. 
M e t h a c r y l i c a c i d (7 gm.) was d i s s o l v e d i n water. 60% p e r c h l o r i c a c i d 
(10 ml.) and hypochlorous a c i d (300 ml., ca.0*35N) were added and the bulk 
d i l u t e d to ca.900 ml. with water. The mixture was shaken and l e f t to r e a c t 
overnight. The aqueous s o l u t i o n was e x t r a c t e d with e t h e r , the e x t r a c t s 
d r i e d (MgSO^) and the ether removed by d i s t i l l a t i o n , y i e l d i n g a v i s c o u s 
white l i q u i d . T h i s product was r e c r y s t a l l i s e d from petroleum ether (40/60) 
and then from benzene, g i v i n g white needle-shaped c r y s t a l s ( m e l t i n g p o i n t , 
106°C). Elemental a n a l y s i s : C,34'6%; H,4'83%; CI,26*1%. The mixed melting 
, o 
point with the a c i d produced i n the h y d r o l y s i s of the blue o i i was l0:>-o C. 
The S-benzylthiouronium s a l t was prepared as described i n the previous 
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s e c t i o n ( m e l t i n g p o i n t , 146 C ) . A mixed melting point with the sample 
prepared before showed no depression. Elemental a n a l y s i s : 0,44*7%; H,5*047,,; 
01,18*0%. 
The i n f r a r e d spectrum of the a c i d was recorded and was i d e n t i c a l w ith 
t h a t of the a c i d i s o l a t e d before (Spectrum No.5 i n Appendix 1 ) . No molecular 
ion peak was present i n the mass spectrum a t 70eV. The h i g h e s t mass peak 
was a t M93/95 (P-CH0 2) and the base peak was M43 ( C ^ O ) . Other peaks were 
M89 (P-CH-2C1) , M77/79 (P-CH0 3), M57(P-CH 20 2Cl), M41 ( P - C H ^ C l ) and M28 
( P - C ^ ^ O ^ C l ) . At 16eV the h i g h e s t mass peak a l s o became the base peak. 
4.5 D e t e c t i o n and Determination of Hydroxylamine and d e t e c t i o n of n i t r o u s 
a c i d 
I n the h y d r o l y s i s of the a d d i t i o n compound of 3-chloro-2-methylpropene 
( I ) with s u l p h u r i c a c i d , a scheme has been proposed which e x p l a i n s the 
formation of 3-chloro-2-hydroxy-2-methylpropionic a c i d , which has been 
i s o l a t e d from the r e a c t i o n mixture. I n f u r t h e r support of t h i s scheme i t was 
nec e s s a r y to show the presence of hydroxylamine and n i t r o u s a c i d . 
4 .5.(a) D e t e c t i o n of hydroxylamine 
The aqueous l a y e r from a h y d r o l y s i s r e a c t i o n of the a d d i t i o n compound of 
3-chloro-2-methylpropene(l) was t e s t e d i n the f o l l o w i n g ways. 
( 1 ) To a small sample of n e u t r a l i s e d aqueous l a y e r was added a few 
drops of n e u t r a l f e r r i c c h l o r i d e s o l u t i o n . The reddish-brown colour formed 
i n d i c a t e s the presence of an oxime or hydroxylamine. 
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( 2 ) A sample of the aqueous l a y e r was n e u t r a l i s e d with sodium hydroxide. 
To t h i s s o l u t i o n was added aqueous p i c r i c a c i d ( a s a t u r a t e d s o l u t i o n ) and 17» 
sodium hydroxide s o l u t i o n . An orange-red colour was produced which i n d i c a t e s 
the presence of hydroxylamine. 
4.5.(b) Q u a n t i t a t i v e Determination of Hydroxylamine 
For the q u a n t i t a t i v e determination the f o l l o w i n g h y d r o l y s i s procedure 
was c a r r i e d out. 
The a d d i t i o n compound ( I ) (0*5315 gm.) i n dioxan/water (35 ml.) and 
concentrated s u l p h u r i c a c i d (5 ml.) was s t i r r e d f o r s i x days. When r e a c t i o n 
was complete the s o l u t i o n was made up to 50 ml. 
( 1 ) To 5 ml. of the h y d r o l y s i s s o l u t i o n was added an aqueous p i c r i c 
a c i d s o l u t i o n and 1% sodium hydroxide s o l u t i o n . The whole was made up to 
10 ml. The o p t i c a l d e n s i t y was measured i n the re g i o n 570-590 m/i. The 
co n c e n t r a t i o n of hydroxylamine present was 2*02 x 10~^M. Thus there were 
0*034 gm. hydroxylamine i n the o r i g i n a l s o l u t i o n . T h i s has to be compared 
wi t h the t h e o r e t i c a l q u a n t i t y of 0*1054 gm. hydroxylamine. 
( 2 ) The hydroxylamine was a l s o determined by b a c k - t i t r a t i o n of excess 
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standard potassium bromate so l u t i o n . Thus to 5 ml. of h y d r o l y s i s s o l u t i o n 
was added 5 ml. of potassium bromate s o l u t i o n (0*5039N) and d i l u t e 
s u l p h u r i c a c i d . The s o l u t i o n was allowed to stand f o r 15 minutes and then 
t i t r a t e d with s t a n d a r d i s e d sodium t h i o s u l p h a t e s o l u t i o n (0*0984N), a f t e r 
adding excess potassium i o d i d e . The t i t r e was 21*75 ml., which i n d i c a t e s 
t h a t the s o l u t i o n was 0*0126M i n hydroxylamine and the h y d r o l y s i s s o l u t i o n 
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contained 0*0208 gm. hydroxylamine ( t h e o r e t i c a l q u a n t i t y was 0*1054 gm.). 
The accuracy of the method was t e s t e d by u s i n g a standard hydroxylamine 
s o l u t i o n . To the hydroxylamine s o l u t i o n (5 ml. , ca.0*07M) was added 
potassium bromate s o l u t i o n (10 ml., £a.0*5N) and d i l u t e s u l p h u r i c a c i d . The 
s o l u t i o n was allowed to stand for 15 minutes and then excess potassium 
iodide added. T h i s was t i t r a t e d w i t h sodium t h i o s u l p h a t e s o l u t i o n ( c a . 
0*1N). The c a l c u l a t e d weight of hydroxylamine from t i t r a t i o n agreed w i t h i n 
1% with the weighed amount. 
The agreement of the two methods of e s t i m a t i o n of hydroxylamine i s not 
v e r y good, but they i n d i c a t e t h a t the h y d r o l y s i s r e a c t i o n does not proceed 
to completion i n t h i s c ase. However, no h e a t i n g was used, and i t has 
subsequently been observed that heating i s r e q u i r e d for the h y d r o l y s i s 
r e a c t i o n to proceed to completion. 
4.5. ( c ) D e t e c t i o n of N i t r o u s A c i d 
N i t r o u s a c i d was shown to be p r e s e n t i n the r e a c t i o n s o l u t i o n u s i n g the 
G r e i s s method ( d e s c r i b e d more f u l l y i n a l a t e r c h a p t e r ) . 
4.6 R e a c t i o n of blue o i l ( I ) with Sodium Hydroxide 
4.6. ( a ) D e t e c t i o n of C h l o r i d e and N i t r i t e I o n s 
The blue o i l (13*8 gm.) was added to sodium hydroxide (ca.200 ml., 0*01N) 
and the mixture s t i r r e d . No product was obtained on ether e x t r a c t i o n from 
a l k a l i n e s o l u t i o n but a brown v i s c o u s l i q u i d ( I I I ) was obtained on ether 
e x t r a c t i o n from a c i d i c s o l u t i o n . 
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To the aqueous l a y e r was added a few drops of s i l v e r n i t r a t e s o l u t i o n , 
and a white p r e c i p i t a t e was formed immediately, i n d i c a t i n g the presence of 
c h l o r i d e i o n i n the s o l u t i o n . 
The aqueous l a y e r was a l s o t e s t e d with the G r e i s s reagent and n i t r i t e 
i o n was shown to be p r e s e n t i n the s o l u t i o n . 
4.6(b) Q u a n t i t a t i v e R e a c t i o n of the blue o i l ( I ) with Sodium Hydroxide 
The blue o i l (1*142 gm.) i n dioxan/water as s o l v e n t was added to sodium 
hydroxide (30 ml., 0*50N) and the s o l u t i o n made up to 100 ml. with dioxan/ 
water. The r e a c t i o n was followed by acid-base t i t r a t i o n w i t h h y d r o c h l o r i c 
a c i d (0*108N). A f t e r 24 hours the t i t r e remained unchanged and was 5 ml. 
hydroxide s o l u t i o n = 0*48 ml. of 0*108N h y d r o c h l o r i c a c i d . Thus 0*0140 moles 
hydroxide have r e a c t e d with 0*0069 moles of blue o i l , ( t h a t i s 2 + 0*05 moles 
hydroxide i o n r e a c t e d with 1 mole of blue o i l ) . The amount of c h l o r i d e i o n 
produced i n the r e a c t i o n was estimated g r a v i m e t r i c a l l y . To the s o l u t i o n (10 ml.) 
was added s i l v e r n i t r a t e s o l u t i o n (ca.10 ml., ca.O'lN). The s o l u t i o n was 
f i l t e r e d through a p r e v i o u s l y washed, d r i e d and weighed s i n t e r e d f i l t e r 
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f u n n e l . The p r e c i p i t a t e and funnel were d r i e d to constant weight. 8*2 x 10 
moles c h l o r i d e ion were produced by 6*9 x 10 ^ moles blue o i l ( t h a t i s 1 
mole blue o i l produces 1 + 0 * 2 moles c h l o r i d e i o n ) . The l a r g e e r r o r i s 
e x p l a i n e d by the o c c l u s i o n of o r g a n i c m a t e r i a l on the s u r f a c e of the 
p r e c i p i t a t e d s i l v e r c h l o r i d e , which was shown by the p r e c i p i t a t e t u r n i n g 
b l a c k immediately. 
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Thus, w i t h i n experimental e r r o r ; 1 mole I r e a c t s with 2 moles hydroxide 
i o n to produce 1 mole c h l o r i d e ion and n i t r i t e i o n (not determined 
q u a n t i t a t i v e l y ) . 
4.6. ( c ) Conditions f o r the r e a c t i o n of I with Sodium Hydroxide 
I was r e a c t e d with sodium hydroxide s o l u t i o n and the mixture s t i r r e d 
at room temperature. The s o l u t i o n was ether e x t r a c t e d and the i n f r a r e d 
spectrum was recorded. T h i s i n d i c a t e d that no c a r b o x y l i c a c i d had been 
formed. 
The r e a c t i o n was repeated but w i t h h e a t i n g . The product, obtained on 
ether e x t r a c t i o n , d i s p l a y e d a l a r g e peak at 5'85/^ i n i t s i n f r a r e d spectrum. 
Thus r e a c t i o n of I w i t h sodium hydroxide produced a c a r b o x y l i c a c i d only 
when heated. 
4.7 R e a c t i o n of I I I w i t h P e r i o d i c A c i d 
4.7. ( a ) Q u a l i t a t i v e R e a c t i o n of I I I w i th P e r i o d i c Acid 
I I I was r e a c t e d w i t h p e r i o d i c a c i d i n dioxan/water and one drop of 
concentrated n i t r i c a c i d was introduced. S i l v e r n i t r a t e s o l u t i o n was added 
and a white p r e c i p i t a t e formed. T h i s p r e c i p i t a t e was s i l v e r i odate and 
i n d i c a t e s t h a t the per iodate anion has been reduced to i o d a t e . T h i s 
i s i n d i c a t i v e of the presence of an a - g l y c o l or an a-hydroxy carbonyl 
compound. 
4.7.(b) Q u a n t i t a t i v e R e a c t i o n of I I I w i t h P e r i o d i c Acid 
I I I (0*9809 gm.) was r e a c t e d with p e r i o d i c a c i d (120 ml., 0-1N). The 
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r e a c t i o n was followed by t i t r a t i o n of 10 ml. a l i q u o t s with s t a n d a r d i s e d 
sodium t h i o s u l p h a t e (0*1N) i n the presence of excess potassium i o d i d e . The 
f i n a l t i t r e was 6*2 ml. of 0*1N sodium t h i o s u l p h a t e . Thus the amount of 
_4 
p e r i o d i c a c i d present i n the t o t a l volume of 120 ml. was 37*2 x 10 moles. 
Both pe r i o d a t e and iodate r e a c t , i n the presence of excess potassium 
i o d i d e , to produce i o d i n e . ^'''^  With a moles of p e r i o d i c a c i d : 
a l O " + 7 a l ~ + 8aH + >• 4al„ 
4 2 
however, a f t e r r e a c t i o n with I I I , x moles of periodate has been reduced to 
i o d a t e , and hence: 
( a - X ) I 0 4 " + 7(a - x ) l ~ + 8 ( a - x ) l l + • 4 ( a - x ) l 2 
x I 0 3 " + 5 x l " + 6xH + • 3 x l 2 
Thus the d i f f e r e n c e i n the amount of i o d i n e produced ( g i v e n by t i t r a t i o n with 
sodium t h i o s u l p h a t e ) before and a f t e r r e a c t i o n with I I I i s : 
4 a - [ 4 ( a - x ) + 3x] = x moles 
-4 -4 
120 x 10 moles p e r i o d i c a c i d were present i n i t i a l l y and 37*2 x 10 moles 
_4 
were present a f t e r r e a c t i o n , hence 82*8 x 10 moles p e r i o d i c a c i d have 
_4 
r e a c t e d with 82*4 x 10 moles of I I I . Thus 1 mole I I I r e a c t e d with 1 mole 
of p e r i o d i c a c i d , which i n d i c a t e s the presence of an a - g l y c o l or an a-
hydroxy a c i d . 
I (1 gm.) was added to p e r i o d i c a c i d (20 ml., 0*1N). A f t e r r e a c t i o n the 
t i t r e was 20 ml. of sodium t h i o s u l p h a t e . Thus I does not r e a c t with p e r i o d i c 
a c i d . 
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4.8 D e t e c t i o n and Determination of Formaldehyde 
4 . 8 . ( a ) D e t e c t i o n of Formaldehyde 
I I I was r e a c t e d with p e r i o d i c a c i d . To the s o l u t i o n was added 
concentrated s u l p h u r i c a c i d ( c a . 2 ml.) and a s o l u t i o n of the disodium s a l t 
of 4 , 5-dihydroxynaphthalene - 2 , 7-disulphonic a c i d (chromotropic a c i d ) ( c a . 
0*057o) i n concentrated s u l p h u r i c a c i d . The purple colour formed i n d i c a t e s 
the presence of formaldehyde. 
4 . 8 . ( b ) Q u a n t i t a t i v e Determination of Formaldehyde 
To I I I (0'00962 gm.) was added sodium paraperiodate s o l u t i o n (2 ml., 
£a .0 '3M) i n d i l u t e s u l p h u r i c a c i d . The mixture was d i l u t e d with water and 
l e f t overnight i n a stoppered f l a s k i n the dark. Sodium b i s u l p h i t e s o l u t i o n 
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(4 ml., s.g. 1'3) was added with shaking to destroy excess p e r i o d a t e . A 
s o l u t i o n of chromotropic a c i d (10 ml., £a . 0*lN) was added, followed by 
concentrated s u l p h u r i c a c i d (225 ml.) and the whole bulk d i l u t e d to 500 ml. 
The o p t i c a l d e n s i t y was measured a t 570 m/j. The method was c a l i b r a t e d by 
r e a c t i n g glucose with p e r i o d i c a c i d under i d e n t i c a l c o n d i t i o n s and t r e a t i n g 
the r e s u l t a n t s o l u t i o n i n an analogous way. The e x t i n c t i o n c o e f f i c i e n t was 
2*14 x 10"* moles ^ l i t r e cm The c o n c e n t r a t i o n of formaldehyde was 
determined as 2*10 x 10""* moles. 8*10 x 10~^ moles of I I I were used. Hence 
formaldehyde was not produced q u a n t i t a t i v e l y . T h i s phenomenon has been 




4.9 Mass Spectrum of I I I 
The base peak occurred a t M44 (CI^NO). A molecular ion peak appeared 
at M119 ( 3 0 % ) . I n t e n s e peaks occurred a t M89 (P-NO; 667„) and M30 (N0 +; 6 6 % ) . 
Other peaks appeared a t M101 ( P - ^ O ) , M84 ( P - H ^ ) , M74 (P-CH 3N0), M59 
(P-C 2H 6NO), M53 (P-H 4N0 3), M40 (P-CH 5N0 3) and M27 ( P-C 2H 6N0 3). 
4.10 Re a c t i o n of N i t r o u s A c i d w i t h 3-chloropropene 
The r e a c t i o n was c a r r i e d out as f o r 3-chloro-2-methylpropene. The 
r e a c t i o n produced a white s o l i d I V , i n s o l u b l e i n water, and a green o i l V, 
which was m i s c i b l e with water i n the l a r g e volumes used. The s o l i d was 
separated by f i l t r a t i o n and then washed with ether. The o i l was e x t r a c t e d 
w i t h e t h e r , the e x t r a c t s d r i e d (MgSO^) and then the ether removed by 
d i s t i l l a t i o n . 
The white s o l i d ( I V ) melted to a green o i l a t 96°C. The molecular 
weight, determined w i t h a vapour p r e s s u r e osmometer i n e t h y l methyl ketone, 
was found to be 153*5 (t h e monomer molecular weight i s 152*5). 
Elemental a n a l y s i s : s o l i d ; C,23*7%; H,3*3%; Cl,23*3%; N,20*6%: l i q u i d ; 
C,27*4%; 11,3*8%; 01,21-4%. ( C a l c u l a t e d : C,23*6%; H,3*3%; Cl,23*3%; N,18*4%). 
The mass spectrum showed no m o l e c u l a r - i o n peak. The base peak was 
M30 ( N 0 + ) and the most i n t e n s e peak was M75/77 (P-^O.^). 
The i n f r a r e d spectrum of V showed t y p i c a l peaks a t 6*09 and 6*42 \i 
(Spectrum No.3 i n Appendix 1 ) . The i n f r a r e d spectrum of I V had a t y p i c a l peak 
at 6*44^ (Spectrum No. 2 i n Appendix 1 ) . 
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I n a s e r i e s of i d e n t i c a l r e a c t i o n s of n i t r o u s a c i d and 3-chloropropene, 
the r a t i o of the weights of green o i l and white s o l i d were determined as 2*67, 
2*21 and 1*38. 
One a d d i t i o n r e a c t i o n was c a r r i e d out i n an aqueous s o l u t i o n s a t u r a t e d 
w i t h sodium c h l o r i d e and using h y d r o c h l o r i c a c i d i n the place of s u l p h u r i c 
a c i d . The r e a c t i o n y i e l d e d the same white s o l i d and green o i l . 
4.11 H y d r o l y s i s of a d d i t i o n compounds IV and V 
The h y d r o l y s e s were c a r r i e d out as d e s c r i b e d e a r l i e r . The a c i d was 
separated by r e c r y s t a l l i s a t i o n from 40/60 petroleum ether. I t was confirmed 
to be c h l o r o a c e t i c a c i d i n both c a s e s by comparison of i n f r a r e d s p e c t r a 
[Spectrum No.6] and m e l t i n g p o i n t w i t h those of an a u t h e n t i c sample. The 
melting point was 64°C ( L i t e r a t u r e v a l u e 63°C). Mixed melting point with 
an a u t h e n t i c sample showed no depression. 
I n the h y d r o l y s i s r e a c t i o n of both IV and V, formaldehyde could not be 
detected e i t h e r i n the r e a c t i o n s o l u t i o n or by attempting to c a r r y the 
formaldehyde away i n a stream of n i t r o g e n gas and then forming a 2 , 4 - d i n i t r o -
phenylhydrazone or dimedone d e r i v a t i v e . 
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4.12 P r e p a r a t i o n of ( 3 - c h l o r o l a c t i c Acid. 
To c o l d n i t r i c a c i d (70% W/W; 88 ml.) i n a one l i t r e round-bottomed 
three-necked f l a s k , surrounded by an i c e bath, was added glycerol-a-mono-
c h l o r o h y d r i n (16*7 ml., 22*1 gm.) from a dropping funnel over a period of 
ten minutes. The f l a s k was p l a c e d i n a b o i l i n g water-bath u n t i l the l i q u i d 
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and a i r - s p a c e above i t assumed a reddish-brown co l o u r . T h i s marked the 
beginning of a v e r y vigorous r e a c t i o n and the water bath was removed to 
a l l o w the r e a c t i o n to proceed spontaneously. A f t e r about ten minutes the 
r e a c t i o n subsided and the f l a s k was ret u r n e d to the b o i l i n g water bath f o r 
t h i r t y minutes. The r e a c t i o n mixture was cooled r a p i d l y and t r a n s f e r r e d to 
a f l a s k on the r o t a r y evaporator which was l e f t i n a bath a t lower than 55°C 
for three hours!?' The r e s i d u e was d i s s o l v e d i n water (74 ml.) and the s o l u t i o n 
brought to pH 6*0-6'5 by the a d d i t i o n of anhydrous sodium carbonate (15 gm.). 
Some sodium o x a l a t e p r e c i p i t a t e d and was separated by f i l t r a t i o n on a 
Buchner funnel and washed with water. The f i l t r a t e and washings were f r e e d 
from o x a l i c a c i d by dropwise a d d i t i o n of a concentrated s o l u t i o n of 
calci u m c h l o r i d e . The calcium c h l o r i d e was added u n t i l the supernatant 
l i q u i d of a c e n t r i f u g e d sample was found to be f r e e from o x a l i c a c i d . The 
calci u m o x a l a t e was removed by f i l t r a t i o n . To the i c e - c o l d f i l t r a t e was 
added concentrated s u l p h u r i c a c i d (8*2 ml.) with s t i r r i n g , to lower the 
pH to 2. The s o l u t i o n was s a t u r a t e d w i t h sodium sulphate and then 
e x t r a c t e d with e t h e r . The ether e x t r a c t s were d r i e d (MgSO^), the ether 
removed and the r e s i d u e l e f t on the r o t a r y evaporator f o r two hours i n a 
water bath a t 60°C. The crude sample of S - c h l o r o l a c t i c a c i d was r e c r y -
s t a l l i s e d from b o i l i n g d i - i s o p r o p y l e t h e r . The melting point was 77/8°C. 
( L i t e r a t u r e v a l u e 1 1 5 78°C). Elemental a n a l y s i s : C,28'6%; H,3*9%; Cl,25'27„. 
( C a l c u l a t e d : C,28«9%; H,4'0%; C l , 2 8 - 5 % ) . 
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4.13 R e a c t i o n of [ 3 - c h l o r o l a c t i c Acid with S u l p h u r i c A c i d 
( 3 - c h l o r o l a c t i c a c i d (5 gm.) was heated under r e f l u x w i t h s u l p h u r i c a c i d 
(10 ml. concentrated a c i d i n 60 ml. water) for two days. The product was 
i s o l a t e d by continuous ether e x t r a c t i o n and y i e l d e d a s o l i d which was 
r e c r y s t a l l i s e d from d i - i s o p r o p y l e t h e r , and was shown by i t s i n f r a r e d spectrum 
and melting point (78°C) to be unchanged B - c h l o r o l a c t i c a c i d . 
4.14 R e a c t i o n s of IV and V 
B o i l i n g IV with absolute ethanol under r e f l u x f o r three hours, followed 
by removal of the ethanol, y i e l d e d a product which contained no oxime, i n 
c o n t r a s t to the obs e r v a t i o n of T h o r n e . ^ 
IV d i s s o l v e d i n acetone to produce a green s o l u t i o n . Removal of the 
acetone y i e l d e d a product w i t h many of the p r o p e r t i e s of V, i n c l u d i n g a 
s i m i l a r i n f r a r e d spectrum. 
IV was d i s s o l v e d i n ether and hydrogen c h l o r i d e gas bubbled through for 
thre e hours. On removal of the et h e r I V was obtained unchanged, as shown by 
the i n f r a r e d spectrum. The same r e a c t i o n was repeated u s i n g V and V remained 
unchanged on i s o l a t i o n . T h i s i s i n c o n t r a s t to the behaviour of secondary 
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n i t r o s o compounds observed by Danilov and Oglobin. 
4.15 R e a c t i o n of Ni t r o u s Acid with 2-methyl-2-butene 
The procedure was the same as th a t d e s c r i b e d f o r the r e a c t i o n with 3-
chloro-2-methylpropene, except that s m a l l e r q u a n t i t i e s were used. The 
product was a green o i l V I . 
Some of the green o i l VI was d i s s o l v e d i n absolute ethanol and heated 
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to b o i l i n g point. The ethanol was removed and the i n f r a r e d spectrum showed 
tha t the product was i d e n t i c a l w i t h V I . Thus, i n c o n t r a s t to the 
o b s e r v a t i o n with the n i t r o s y l c h l o r i d e a d d i t i o n product of 2-methyl-2-butene'''' 
VI does not i s o m e r i s e to the oxime on r e f l u x i n g i n ethanol. 
VI was d i s s o l v e d i n ether and hydrogen c h l o r i d e gas was bubbled through 
f o r three hours. The product obtained, when the ether was removed, was 
unchanged VI as shown by the i n f r a r e d spectrum. T h i s i s again i n c o n t r a s t 
to the behaviour of the n i t r o s y l c h l o r i d e a d d i t i o n compound wi t h 2-methyl-2-
butene. 
4.16 H y d r o l y s i s of the A d d i t i o n Compound of 2-methyl-2-butene(Vl) 
VI (4 gm.) was added to s u l p h u r i c a c i d (10 ml. concentrated s u l p h u r i c 
a c i d i n 60 ml. water) and the s o l u t i o n heated under r e f l u x f o r two days. 
The s o l u t i o n was s a t u r a t e d with sodium s u l p h a t e , ether e x t r a c t e d and the 
e x t r a c t s d r i e d (MgSO^). On removal of the ether a brown o i l was obtained, 
the i n f r a r e d spectrum of which i n d i c a t e d that some n i t r o s o group was s t i l l 
p r e s ent but had been p a r t i a l l y r e p l a c e d by a carbonyl group. T h i s brown 
o i l f a i l e d to form a 2,4-dinitrophenylhydrazone, so was s u b j e c t e d to 
d i s t i l l a t i o n . The d i s t i l l a t e was of the same c o n s t i t u t i o n as the brown o i l , 
as shown by the i n f r a r e d spectrum, and a l s o f a i l e d to form a 2 , 4 - d i n i t r o p h e n y l 
hydrazone. The d i s t i l l a t e a l s o f a i l e d to form a p-nitrobenzoate. 
4.17 R e a c t i o n of H y d r o l y s i s Product of VI w i t h P e r i o d i c A c i d 
The h y d r o l y s i s product (brown o i l , 2*5 gm.) was added to sodium para-
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p e r i o d a t e (10 gm.) i n s u l p h u r i c a c i d (6 ml. concentrated s u l p h u r i c a c i d i n 
20 ml. w a t e r ) . The mixture was shaken a t i n t e r v a l s and kept i n a stoppered 
f l a s k overnight. T h i s s o l u t i o n was ether e x t r a c t e d and the ether removed 
by c a r e f u l d i s t i l l a t i o n . The product was d i v i d e d i n t o two h a l v e s and they 
were t r e a t e d i n the f o l l o w i n g ways. 
( 1 ) A s o l u t i o n was prepared c o n t a i n i n g 2 , 4 - d i n i t r o p h e n y l h y d r a z i n e 
(0*9 gm.) i n concentrated s u l p h u r i c a c i d (4*5 m l . ) . Absolute ethanol (21*5 
ml.) and water (57 ml.) were added. The s o l u t i o n was f i l t e r e d and was added 
to h a l f of the above product. T h i s y i e l d e d a 2,4-dinitrophenylhydrazone 
which melted a t 119°C. (The melting point of an a u t h e n t i c sample of acetone 
2,4-dinitrophenylhydrazone was 123"C.) 
( 2 ) An S-benzyl thiouronium s a l t was prepared from the other h a l f as 
d e s c r i b e d f o r 3-chloro-2-hydroxy-2-methylpropionic a c i d . The product, 
r e c r y s t a l l i s e d from aqueous a l c o h o l , had a melting point of 142°C. That of 
an a u t h e n t i c sample of S-benzyl thiouronium a c e t a t e was 140°C. A mixed 
me l t i n g point showed no depression. 
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4.18 P r e p a r a t i o n of D i n i t r o g e n T r i o x i d e 
D r i e d sodium n i t r i t e was introduced i n t o a three-necked f l a s k f i t t e d 
w i t h a gas i n l e t , a dropping funnel and a phosphorus pen t o x i d e / g l a s s wool 
drying tower. Intermixed with the sodium n i t r i t e were some g l a s s beads to 
prevent 'caking' of the r e s u l t a n t sodium sulp h a t e . Before commencement of 
production of d i n i t r o g e n t r i o x i d e the apparatus was f l u s h e d out w i t h dry 
n i t r o g e n gas. When concentrated s u l p h u r i c a c i d was added dropwise from the 
-77-
dropping f u n n e l , e v o l u t i o n of an equimolar mixture of gaseous n i t r i c oxide 
and n i t r o g e n d i o x i d e commenced without a p p l i c a t i o n of heat. The brown gases 
were passed through the tower packed w i t h phosphorus pentoxide and g l a s s 
wool and were passed over a c o l d f i n g e r c o n t a i n i n g a c o o l i n g mixture of 
acetone and s o l i d carbon dioxide. Blue d i n i t r o g e n t r i o x i d e condensed on the 
c o l d f i n g e r and was c o l l e c t e d i n a v e s s e l immersed i n an i c e - s a l t c o o l i n g 
mixture. The gases were c a r r i e d through the apparatus by a stream of dry 
n i t r o g e n gas and the r a t e of production of d i n i t r o g e n t r i o x i d e was 
c o n t r o l l e d by the r a t e of a d d i t i o n of concentrated s u l p h u r i c a c i d . 
4.19 A d d i t i o n of D i n i t r o g e n T r i o x i d e to 3-chloro-2-methylpropene 
4.19.(a) I n the absence of a s o l v e n t : 
3-chloro-2-methylpropene was added dropwise to the d i n i t r o g e n t r i o x i d e 
a t 0°C. The r e a c t i o n proceeded r a p i d l y with much e v o l u t i o n of heat. E x c e s s 
d i n i t r o g e n t r i o x i d e was used. When a l l the o l e f i n had been introduced, the 
r e a c t i o n mixture was allowed to warm to room temperature and hence any 
excess d i n i t r o g e n t r i o x i d e could escape as n i t r o u s fumes ( b o i l i n g point 2.3°C). 
The product was p u r i f i e d f u r t h e r by pumping on a r o t a r y evaporator f o r some 
time. 
4.19.(b) I n ether as s o l v e n t : 
An ether s o l u t i o n of 3-chloro-2-methylpropene was prepared. T h i s 
s o l u t i o n was introduced i n t o the r e c e i v i n g v e s s e l i n the apparatus f o r the 
p r e p a r a t i o n of d i n i t r o g e n t r i o x i d e , p r i o r to commencement of the p r e p a r a t i o n . 
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The d i n i t r o g e n t r i o x i d e condensed on the c o l d f i n g e r and then dripped i n t o 
the ether s o l u t i o n of the o l e f i n , which was cooled i n an i c e - s a l t mixture. 
Thus the a d d i t i o n r e a c t i o n proceeded as the d i n i t r o g e n t r i o x i d e dripped i n t o 
the ether s o l u t i o n . Again excess d i n i t r o g e n t r i o x i d e was used. The ether 
was removed on the r o t a r y evaporator and the product obtained was i d e n t i c a l 
w i t h t h a t from the d i r e c t p r e p a r a t i o n . 
4.19.(c) Continuous process i n absence of a s o l v e n t : 
( b ) was repeated i n the absence of ether and the product was p u r i f i e d 
as d e s c r i b e d e a r l i e r . ( c ) was used i n preference to ( a ) because of the 
l a r g e amount of heat produced by a r a p i d d i r e c t a d d i t i o n of d i n i t r o g e n 
t r i o x i d e to the o l e f i n . 
4.20 A d d i t i o n of D i n i t r o g e n T r i o x i d e to O l e f i n s 
The r e a c t i o n was c a r r i e d out as d e s c r i b e d i n 4.19.(b). 
( i ) 3-chloropropene: 
D i r e c t a d d i t i o n of d i n i t r o g e n t r i o x i d e and a d d i t i o n i n ether y i e l d e d a 
white s o l i d and a green o i l , which were separated i n the u s u a l way. The 
melting point of the s o l i d was 96/7°C and a mixed m e l t i n g point w i t h I V 
showed no depression. The i n f r a r e d s p e c t r a of the s o l i d , prepared by three 
d i f f e r e n t methods and recorded as potassium bromide d i s c s and as Nujol m u l l s , 
were a l l i d e n t i c a l . The s o l i d was a l s o shown to be i d e n t i c a l with I V by the 
elemental a n a l y s i s : C,24«7%; H,3'27„; Cl,23'3%. 
The green o i l was a l s o i d e n t i c a l with t h a t prepared e a r l i e r ( V ) , as 
shown by the i n f r a r e d spectrum. 
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Elemental ana l y s i s : C,27'4%; H,3'8%; CI,21'4%. 
( i i ) 2-methyl-2-butene: 
The product was a green o i l and was i d e n t i c a l to V I . The i n f r a r e d 
spectrum had peaks appearing at 6*13 and 6*47 /J. Elemental an a l y s i s : C,45*6%; 
H,7'05%. (Calculated: C,41'l%; H,6'85%). 
( i i i ) 3-hydroxy-2-methylpropene: 
The product was a green o i l . a n d the i n f r a r e d spectrum showed peaks 
appearing at 6*11 and 6*40^. 
( i v ) 2,4,4-trimethyl-2-pentene: 
The product was a blue o i l and showed peaks a t 6*11 and 6*44 / i i n the 
i n f r a r e d spectrum. 
( v ) 2,3-dimethyl-2-butene: 
A white s o l i d and a blue l i q u i d were obtained. The i n f r a r e d spectrum of 
the l i q u i d had peaks appearing at 6*11 and 6*45M and t h a t of the s o l i d had a 
peak appearing at 6»50 / j . The m e l t i n g p o i n t of the s o l i d was 208-9°C. The 
s o l i d dissolved i n benzene to give a blue s o l u t i o n and the nuclear magnetic 
resonance spectrum of t h i s s o l u t i o n had one absorption a t 8*7 p.p.m. 
( v i ) 2-methylpropene: 
Isobutene gas was bubbled through ether as l i q u i d d i n i t r o g e n t r i o x i d e 
was added. Two products were obtained, a green l i q u i d and a white s o l i d . 
They were separated by f i l t r a t i o n and the s o l i d was washed w i t h ether. More 
s o l i d , however, s e t t l e d from the green l i q u i d , even a f t e r repeated f i l t r a t i o n . 
The s o l i d melted at 82°C t o a blue l i q u i d . Both products were analysed: 
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S o l i d : C,36*67„; H,6*370; N,21*370: l i q u i d ; C,36*470; H,5*97„; N,15*67„; ( c a l c u l a t e d : 
C,36*47„; H,6*170; N,21*270). 
The i n f r a r e d spectrum of the l i q u i d had peaks appearing at 6*08 and 6*41/i 
and t h a t of the s o l i d had a peak appearing at 6*41 \i. 
The nuclear magnetic resonance spectrum of the s o l i d i n benzene showed 
two s i n g l e absorptions at 5*5 p.p.m. and 9*1 p.p.m. The spectrum of the 
l i q u i d product i n carbon t e t r a c h l o r i d e showed absorptions at 5*2 p.p.m. and 
8*3 p.p.m. These absorptions, however, are not s i n g l e t s and they show a 
complex s p l i t t i n g p a t t e r n . 
(viQ Propene 
Propene gas was bubbled through ether as d i n i t r o g e n t r i o x i d e was added. 
A white s o l i d and a yellow o i l were obtained and separated by f i l t r a t i o n , the 
white s o l i d being washed w i t h ether. Further white s o l i d was p r e c i p i t a t e d 
from the yellow o i l on standing. Elemental ana l y s i s : l i q u i d ; 0,34*7%; H,5*127„ 
s o l i d ; C,30*37„; H,5'l%; N,23*67„. (Calculated; C,30*57„; H,5*17„; N,23 * 77.,). 
The white s o l i d melted to a yellow o i l a t 108°C. The i n f r a r e d spectrum of 
the l i q u i d had peaks appearing at 6*10 and 6*43 V , w h i l s t t h a t of the s o l i d 
had a peak appearing at 6*39 y. 
Section 3. 
Chapter 5. 
K i n e t i c study of the n i t r o s a t i o n of some o l e f i n s a t low 
a c i d i t y ( < O'lM) 
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5.1 K i n e t i c Study of the r e a c t i o n of N i t r o u s Acid w i t h 2-methyl-2-butene 
_4 
The k i n e t i c s were studied i n 10 - 0*1N p e r c h l o r i c a c i d . The r e a c t i o n 
was followed i n i t i a l l y t o determine any dependence on the concentration of 
the o l e f i n at two d i f f e r e n t a c i d i t i e s . I n both cases the dependence was 
obtained by ma i n t a i n i n g a constant a c i d i t y and a constant concentration of 
sodium n i t r i t e . The r e s u l t s are c o l l e c t e d i n Table 5.1 and Table 5.2. 
Table 5.1. 
N i t r o s a t i o n of 2-methyl-2-butene at constant concentration 
of p e r c h l o r i c acid and sodium n i t r i t e 













Temperature = 0°C; [H ] = 0*0024N; [NaN0 2] = 2 x 10 N. 
The r a t e i s the i n i t i a l r a t e , determined by using a 
tangentimeter. The slope obtained by l e a s t squares 
ana l y s i s was 1*1. 
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Table 5.2. 
N i t r o s a t i o n of 2-methyl-2-butene at constant concentration 
of p e r c h l o r i c a c i d and sodium n i t r i t e 
Run 2 + l o g ( r a t e ) 4 + log [ o l e f i n ] 
37 0*462 0*875 
41 0*567 1*079 
39 0*678 1*250 
45 0*892 1*328 
Temperature = 0°C; [ H + ] = 0*0303N; [NaNOj,] = 2 x 10~ 4N. 
The slope obtained by l e a s t squares analysis was 1*1. 
To determine the e f f e c t of changing a c i d i t y on the r a t e of n i t r o s a t i o n 
of 2-methyl-2-butene a series of runs were set up at d i f f e r e n t a c i d i t i e s . 
The r e s u l t s are c o l l e c t e d i n Table 5.3 and show a dependence on the a c i d i t y 
of 1*1. 
W i t h i n the range of a c i d i t y t h a t i t was possible to study using 2-methyl-
2-butene the order of the r e a c t i o n w i t h respect t o n i t r o u s acid decreased 
from 2 at very lew ac i d to s i g n i f i c a n t l y less than 2 but greater than 1 i n 
0*1M p e r c h l o r i c acid. 
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Table 5.3. 
N i t r o s a t i o n of 2-methyl-2-butene at changing a c i d i t y and 
constant concentration of sodium n i t r i t e 
Run i ( r a t e ) i 0 g [ o l e f i n ] 4 + l o g [ H
+ ] 
37 3*462 2*479 
56 2*242 1*391 
23 1*954 1*041 
19 1*663 0*799 
o -4 Temperature = 0 C; [NatTC^] = 2 x 10 N. The o l e f i n 
c o n c e ntration could not be maintained constant throughout 
the series of runs, thus the i n i t i a l r a t e had t o be 
di v i d e d by the o l e f i n concentration t o y i e l d an o l e f i n 
c oncentration independent q u a n t i t y . 
At low a c i d i t y , however, sodium n i t r i t e i s not completely converted to 
n i t r o u s a c i d , as shown i n Table 5.4. 
Since n i t r o u s a c i d i s a Bronsted a c i d then i t w i l l be present i n both 
i t s acid and base forms unless there i s a l a r g e excess of mineral a c i d 
present, as shown i n Table 5.4. I t i s t h e r e f o r e possible to c a l c u l a t e two 
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Table 5.4. 
Concentration of n i t r o u s a c i d i n a s o l u t i o n c o n t a i n i n g 
-4 
1 x 10 N sodium n i t r i t e at d i f f e r e n t a c i d i t i e s 
[ H + ] x 10 4N 
A 










The c a l c u l a t i o n s use Ka = 4*5 x 10 mole 1 but 
t h i s value i s subject t o s i g n i f i c a n t experimental 
u n c e r t a i n t i e s . 
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d i s t i n c t types of r a t e constant. One, the s t o i c h i o m e t r i c r a t e constant, 
i s the p r o p o r t i o n a l i t y constant of a r a t e equation c o n t a i n i n g only the 
s t o i c h i o m e t r i c concentration of n i t r o u s a c i d , t h a t i s the sum of the 
conc e n t r a t i o n of the a c i d i c and basic forms of n i t r o u s acid as measured 
experimentally. The other, the molecular r a t e constant, i s the p r o p o r t i o n a l i t y 
constant of a r a t e equation i n v o l v i n g the concentration i n which n i t r o u s acid 
i s a c t u a l l y present i n i t s uncharged molecular form. I n general, i n a 
s o l u t i o n of constant hydrogen i o n concentration the r a t i o of the molecular 
to the s t o i c h i o m e t r i c concentration of n i t r o u s a c i d w i l l remain constant 
throughout a run. Thus the k i n e t i c form of the run w i l l be the same 
i r r e s p e c t i v e of which type of r a t e constant i s c a l c u l a t e d , but the value 
w i l l change. The s t o i c h i o m e t r i c r a t e constants are e a s i l y c a l c u l a t e d 
because they depend only on the concentration of n i t r o u s a c i d measured, 
whereas the molecular r a t e constant c a l c u l a t i o n s r e q u i r e the use of the 
e q u i l i b r i u m constant of d i s s o c i a t i o n of n i t r o u s a c i d which introduces f u r t h e r 
u n c e r t a i n t i e s . 
_4 
At a c i d i t i e s lower than 7'21 x 10 N p e r c h l o r i c a c i d w i t h excess o l e f i n 
present the r e a c t i o n was second order w i t h respect t o n i t r o u s a c i d . This i s 
_4 
shown f o r the run at 3*79 x 10 N p e r c h l o r i c a c i d i n F i g . 5-01* which includes 
both f i r s t and seond order p l o t s . The second order nature of the r e a c t i o n 
at very low aci d i s f u r t h e r i l l u s t r a t e d by the f i r s t and second order r a t e 
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Table 5.5. 
F i r s t and second order r a t e constants of the n i t r o s a t i o n of 2-raethyl-
_4 
2-butene at [HClO.] = 1*07 x 10 N 
Time 
(hours) 
O p t i c a l 
Density 
\ ( h r - 1 ) — -1 -1 -2 (mole l i t r e hr ) x 10 
0*00 0*389 
3*017 0*359 0*027 2*77 
5*850 0*338 0*024 2*58 
8*767 0*315 0*024 2*68 
13*567 0*281 0*024 2*83 
24*567 0*234 0*021 2*76 
33*750 0*210 0*018 2*52 
54*333 0*159 0*017 2*66 
71*600 0*134 0*015 2*66 
95*450 0*105 0*014 2*83 
143*650 0*074 0*012 2*96 
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The t h i r d order s t o i c h i o m e t r i c r a t e constants are c a l c u l a t e d from the r a t e 
equation: 
V = 2 k 3 [ o l e f i n ] [ n i t ] 2 
where [ n i t ] i s the s t o i c h i o m e t r i c concentration of n i t r i t e i o n and n i t r o u s 
a c i d . The observed values of these r a t e constants are shown i n Table 5.6. 
Table 5.6. 
T h i r d order s t o i c h i o m e t r i c r a t e constants f o r the n i t r o s a t i o n of 2-methyl-
2-butene at low a c i d i t y a t 0 C 
Run [ H + ] x 10 4N 4 [NaN0 2] x 10 N 
2— -2 k 3 x 10 
-2 2 -1 (mole l i t r e min ) 
267 1*07 1*0 7-17 
15 3'79 2'0 16-00 
16 7*21 2'0 33*40 
T h i r d order molecular r a t e constants were derived from the r a t e equation: 
V = 2 k 3 [ o l e f i n ] [ H N 0 2 ] 2 
and are shown i n Table 5.7. 
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Table 5.7. 
Th i r d order molecular r a t e constants f o r the n i t r o s a t i o n of 
2-methyl-2-butene at low a c i d i t y at 0°C 
Run + 4 [H ] x 10 [HN0 2] x 10 4 
2 -4 
k 3 x 10 -2 2 -1 (mole l i t r e min ) 
267 1'07 0-16 2*87 
15 3-79 0*80 l'OO 
16 7*21 1-15 1*01 
At a c i d i t i e s greater than 7 x 10 N p e r c h l o r i c a c i d , the k i n e t i c s took 
the form of a mixed f i r s t and second order r e a c t i o n w i t h respect to n i t r o u s 
a c i d . The method of analysis i s discussed i n Appendix 3 and i s i n t r i n s i c a l l y 
an inaccurate process. The molecular t h i r d order r a t e constants derived 
from the equation: 
V = 2 k 3 [ o l e f i n ] [ H N 0 2 ] 2 + ^ [ o l e f i n ] [ H + ] [HN0 2] 
are shown i n Table 5.8. At a c i d i t i e s higher than 0*0033 N p e r c h l o r i c a c i d 
the r e a c t i o n remained mixed order w i t h respect to n i t r o u s a c i d but d i d not 
y i e l d s a t i s f a c t o r y r a t e constants. The highest a c i d i t y studied was 0*1 N 
p e r c h l o r i c a c i d , when the k i n e t i c s s t i l l i n d i c a t e d a mixed order r e a c t i o n 
w i t h respect to n i t r o u s acid. 
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Table 5.8. 
Third order molecular r a t e constants f o r the n i t r o s a t i o n 
of 2-methyl-2-butene at low a c i d i t y a t 0°C 
Run [ H + ] x 10 4N [HN0 2] x 10 4N 
k 3 x 10" 2 
- 2 2 - 1 (mole l i t r e min ) 
11 33*3 1'75 \ 3 = 3'48 
2 k 3 = 0*627 x 10 2 
23 12*4 1*40 \ = 4-87 
2 k 3 = 1*06 x 10 2 
Mean ^"k^ = 4 •18 x 10 2 mole" l i t r e min 
Mean k_ = 8*50 x 10 mole l i t r e min 
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5.2 K i n e t i c study of the r e a c t i o n of n i t r o u s a c i d w i t h 2,3-dimethyl-2-butene 
-4 
The k i n e t i c s were studied i n the range 10 - 0*02 N p e r c h l o r i c a c i d . 
_4 
At 1*07 x 10 N p e r c h l o r i c a c i d the k i n e t i c s i n d i c a t e d a second order 
process w i t h respect to n i t r o u s a c i d . The f i r s t and second order r a t e p l o t s 
are included i n Fig.5.02. The c a l c u l a t e d f i r s t and second order r a t e 
constants are shown i n Table 5.9. 
The t h i r d order molecular r a t e constants f o r the r e a c t i o n of n i t r o u s 
a c i d w i t h 2,3-dimethyl-2-butene c a l c u l a t e d from the r a t e equation: 
2 2 V = k 3 [ o l e f i n ] [ H N 0 2 ] are recorded i n Table 5.10. -4 -4 As the a c i d i t y was increased from 1*07 x 10 N to 4*28 x 10 N 
p e r c h l o r i c a c i d , the order of the r e a c t i o n became n o n - i n t e g r a l , between 2 
and 1. The k i n e t i c s were analysed as a mixture of a f i r s t and a second order 
process at two d i f f e r e n t a c i d i t i e s and the observed r a t e constants are shown 
i n Table 5.11, the molecular r a t e constants being the p r o p o r t i o n a l i t y 
constants i n the r a t e equation: 
V = 2 k 3 [ o l e f i n ] [ H N 0 2 ] 2 + 1 k [ o l e f i n ] [ H + ] [ H N 0 2 ] 
-4 -4 
I n t h e . a c i d i t y range 8*56 x 10 N to 211*1 x 10 N p e r c h l o r i c a c i d , the 
k i n e t i c s i n d i c a t e d a f i r s t order process w i t h respect to n i t r o u s a c i d . F i g . 
-4 
5.03shows the f i r s t and second order p l o t s a t 8*56 x 10 N p e r c h l o r i c acids 
and examples of the f i r s t order p l o t s are i l l u s t r a t e d i n Fig.5.04and F i g . 
5.05. The t h i r d order r a t e constants are c o l l e c t e d i n Table 5.12. At higher 
a c i d i t i e s the r e a c t i o n was too r a p i d to f o l l o w by the techniques used. 
; 
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Table 5.9. 
F i r s t and second order s t o i c h i o m e t r i c r a t e constants f o r the n i t r o s a t i o n 
o -4 of 2,3-dimethyl-2-butene a t 0 C i n [HClO,] = 1'07 x 10 M 
time 
( h o u r s ) O p t i c a l Density 
x l o 3 
( h r _ 1 ) 
k 2 x 10" 2 
(mole * l i t r e hr ^ ) 
O'OO 0-389 - -
8-68 0-346 13-4 1-43 
13-57 0-325 13-2 1-45 
23-43 0-298 11-3 1-30 
37-52 0*260 10-7 1-32 
51-57 0-230 10-1 1-34 
78-30 0-203 8-3 1-17 
102-47 0-184 7-3 1-09 
132-90 0-156 6-8 1-12 
167-62 0-127 6-6 1-23 
222-23 0-109 5-7 1-16 
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Table 5.10 
T h i r d order molecular r a t e c o n s t a n t s f o r the n i t r o s a t i o n of 2,3-
dimethyl-2-butene 
Run 4 [HN0 2] x 10 N 
k 3 x 10 







2 4 -2 2 -1 Mean = 7*00 x 10 mole l i t r e min 
o -4 -4 Temperature = 0 C; [NaM^l = 1 x 10 N, [HC10 4] = 1*07 x 10 
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Table 5.11. 
T h i r d order molecular r a t e c o n s t a n t s observed a t low a c i d i t y f o r the 
n i t r o s a t i o n of 2,3-dimethyl-2-butene 
Run [HC10 4] x 10 4N 
4 
[HN0 2] x 10 N 
k 3 x 10" 2 
-2 2 -1 (mole l i t r e rain ) 
261 2*14 0*30 X k 3 = 18-95 
2 k 3 = 4*47 x 1 0 2 
265 2*14 0*30 1 k 3 = 15*45 
2 k 3 = 4*59 x 1 0 2 
262 4*28 0*47 S =5*42 
2 k 3 = 4*22 x 1 0 2 
1 2 - 2 2 - 1 Mean k^ = 13*3 x 10 mole l i t r e min 
*2m ^\ 2 2 1 Mean k 3 = 4*43 x 10 mole" l i t r e m i n -
-4 o [NaN0 2] = 1 x 10 N; Temperature = 0 C 
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Table 5.12. 
T h i r d order r a t e c o n s t a n t s (molecular and s t o i c h i o m e t r i c ) f o r the 
n i t r o s a t i o n of 2,3-dimethyl-2-butene a t low a c i d i t y 
Run [HC10 4] x 10 4N [HN0 2] x 1 0 4 N 
\ x 10" 3 
-2 2 -1 (mole l i t r e min ) 
L k 3 x 10" 3 
-2 2 -1 (mole l i t r e min ) 
266 8*56 0*64 3*07 4*58 
268 12*85 0*73 3*73 5*00 
269 17*13 0*78 3*52 4*45 
274 42*6 0*90 4*28 4*74 
275 85*2 0*95 4*56 4*80 
279 211*1 0*98 4*75 4*82 
Mean =4*73 x 10 mole l i t r e min 
-4 o [NaN0 o] = 1 x 10 ; Temperature = 0 C 
-95-
5.3 D i s c u s s i o n of m e c h a n i s t i c s i g n i f i c a n c e of r e s u l t s 
Q u a n t i t a t i v e comparison of the r e a c t i v i t y of 2-methyl-2-butene and 
2,3-dimethyl-2-butene i s not s t r a i g h t f o r w a r d s i n c e t h e i r behaviour i s not 
p a r a l l e l over the re g i o n s t u d i e d . However, the i n c r e a s e d r e a c t i v i t y of 
2,3-dimethyl-2-butene r e l a t i v e to 2-methyl-2-butene does serve to i n d i c a t e 
the e l e c t r o p h i l i c n a ture of the n i t r o s a t i o n r e a c t i o n . The a c i d i t y r e g i o n 
which w i l l y i e l d the most r e l i a b l e comparison of r e a c t i v i t y i s the v e r y low 
a c i d i t y r e g i o n . Here the r e a c t i o n i s second order with r e s p e c t to n i t r o u s 
a c i d and thus r e a c t i o n must be o c c u r r i n g by a t t a c k of d i n i t r o g e n t r i o x i d e 
and i s shown i n Scheme 5.1. 
+ f a s t . + HN02 + H v * H 2N0 2 
+ _ f a s t . H 2N0 2 + N0 2 ^ * N 20 3 
>C=C< + N 20 3 S l ° W » products 
Scheme 5.1. 
The r a t e c o n s t a n t s of the r e a c t i o n of 2,3-dimethyl-2-butene and 2-
methyl-2-butene with d i n i t r o g e n t r i o x i d e can be obtained by using the 
e q u i l i b r i u m constant f o r formation of d i n i t r o g e n t r i o x i d e measured a t 20°C, 
which i s 0*2 mole l i t r e - ' ' ' , and are shown i n Table 5.13. 
The r e l a t i v e r e a c t i v i t y of 2,3-dimethyl-2-butene and 2-methyl-2-butene 
-4 
towards d i n i t r o g e n t r i o x i d e i s 2*4 i n 1*07 x 10 N p e r c h l o r i c a c i d . The 
-96-
r e l a t i v e r e a c t i v i t i e s towards n i t r o s y l c h l o r i d e i n chloroform, a re not 
recorded but i t was shown by B e i e r , Hauthal and Pritzkow"**" t h a t 2,3-dimethyl-
2-butene was more r e a c t i v e than 2-methyl-2-butene. However, i n the 
bromination r e a c t i o n , 2,3-dimethyl-2-butene was found to be ten times as 
118 
r e a c t i v e as 2-methyl-2-butene. 
Table 5.13. 
Second order molecular r a t e c o n s t a n t s f o r the r e a c t i o n of o l e f i n s w i t h 
d i n i t r o g e n t r i o x i d e a t 0°C 
O l e f i n [HC10 4] x 10 4N 
4 
[HN0 2] x 10 N 
k 2 x 10 









a [NaN0 2] = 1 x 10" N 
The f i r s t order process i d e n t i f i e d f o r 2,3-dimethyl-2-butene and 
i n d i c a t e d f o r 2-methyl-2-butene must be rate-determining n i t r o s a t i o n of the 
o l e f i n by the n i t r o u s acidium ion as i d e n t i f i e d i n the d i a z o t i s a t i o n of 
aromatic amines and as shown i n Scheme 5.2. 
The concurrent processes i d e n t i f i e d i n the mixed f i r s t and second order 
r e a c t i o n must c o n s i s t of the two p r o c e s s e s a l r e a d y d e s c r i b e d . The formation 
-97-
H + + HNO, 
f a s t + v H.NO 2 * 
>C=C< + H 2N0 2 slow •>• products 
Scheme 5.2. 
of a l l n i t r o s a t i n g agents i n v o l v e s the i n i t i a l p rotonation of n i t r o u s a c i d to 
44 
give the n i t r o u s acidium i o n , which can then e i t h e r r e a c t with an anion, for 
example n i t r i t e i o n or h a l i d e i o n , to y i e l d another n i t r o s a t i n g agent or can 
r e a c t with the s u b s t r a t e . Thus, i n the n i t r o s a t i o n of 2,3-dimethyl-2-butene 
at v e r y low a c i d i t y , there i s competition between the n i t r i t e i on and the 
o l e f i n to r e a c t w i t h the n i t r o u s acidium i o n , and an e q u i l i b r i u m c o n c e n t r a t i o n 
of d i n i t r o g e n t r i o x i d e i s formed, second order k i n e t i c s being observed. The 
n i t r o u s acidium ion isamore r e a c t i v e n i t r o s a t i n g agent than d i n i t r o g e n 
t r i o x i d e but a t t h i s a c i d i t y the comparative r e a c t i v i t y of the two s p e c i e s i s 
governed by t h e i r r e l a t i v e c o n c e n t r a t i o n s . As the a c i d i t y i s i n c r e a s e d the 
bulk r e a c t i v i t y of the n i t r o u s acidium i o n i n c r e a s e s . N i t r o s a t i o n by the 
n i t r o u s acidium i o n now becomes a v i a b l e r e a c t i o n sequence and so f i r s t order 
k i n e t i c s a r e observed. There i s a gradual change from pure second order to 
pure f i r s t order k i n e t i c s . T h i s i s expected because there i s a c e r t a i n 
range of a c i d i t y when the bulk r e a c t i v i t y of d i n i t r o g e n t r i o x i d e and the 
n i t r o u s acidium i o n are comparable, or 
K B u l k - r e a c t i v i t y = c o n c e n t r a t i o n x s p e c i f i c r e a c t i v i t y 
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a l t e n t a t i v e l y when the r e a c t i o n of both the o l e f i n and the n i t r i t e i on w i t h 
the n i t r o u s acidium i o n c o n t r i b u t e s i g n i f i c a n t l y to the t o t a l n i t r o s a t i o n 
r e a c t i o n . With 2-methyl-2-butene i n the a c i d i t y range s t u d i e d the 
n i t r o s a t i o n r e a c t i o n i s s t i l l compounded from the f i r s t and the second order 
p r o c e s s e s and i t has not been p o s s i b l e to i s o l a t e a pure f i r s t order p r o c e s s . 
5.4 Summary 
N i t r o s a t i o n of 2-methyl-2-butene a t low a c i d i t y occurs by a second order 
process and a t higher a c i d i t i e s by a mixed f i r s t and second order r e a c t i o n . 
2,3-dimethyl-2-butene behaves s i m i l a r l y i n low a c i d but a t higher a c i d i t y 
n i t r o s a t i o n occurs by a pure f i r s t order p r o c e s s . 
At low a c i d i t y n i t r o s a t i o n i s suggested to occur by d i n i t r o g e n t r i o x i d e 
w h i l s t t h a t a t higher a c i d i t y occurs by a t t a c k of the n i t r o u s acidium i o n . 
I n the region of a c i d i t y i n which mixed order behaviour was observed, 
n i t r o s a t i o n occurs by both of these p r o c e s s e s . 
The r a t i o of the r e a c t i v i t y of 2,3-dimethyl-2-butene and 2-methyl-2-
butene towards d i n i t r o g e n t r i o x i d e i s much lower than i n the bromination 
r e a c t i o n . 
Chapter 6. 
K i n e t i c study of n i t r o s a t i o n of some o l e f i n s a t 
high a c i d i t y (> 0'25M) 
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6.1 Decomposition of n i t r o u s a c i d a t high a c i d i t y 
S o l u t i o n s of n i t r o u s a c i d a r e known to be u n s t a b l e . S e v e r a l k i n e t i c 
s t u d i e s of the decomposition of s o l u t i o n s of n i t r o u s a c i d have been made. 
Di n i t r o g e n t e t r o x i d e has been p o s t u l a t e d as a l i k e l y i n t e r m e d i a t e , but the 
119 
r a t e determining stage was shown to depend on the experimental c o n d i t i o n s . 
31 
Ridd and co-workers found th a t the r a t e of decomposition was independent 
of the a c i d i t y i n the r e g i o n of 0'002M p e r c h l o r i c a c i d . They found the r a t e 
of decomposition was a l s o n e g l i g i b l e i n comparison w i t h the r a t e of t h e i r 
d i a z o t i s a t i o n r e a c t i o n s . 
I n the present s t u d i e s the r a t e s of n i t r o s a t i o n were v e r y low and runs 
took up to ten days to reach completion. I n these runs, t h e r e f o r e , the 
quoted r a t e of n i t r o u s a c i d decomposition of l-27 0 per hour i s v e r y 
s i g n i f i c a n t compared w i t h the r a t e of n i t r o s a t i o n . To a l l o w f o r the 
decomposition of n i t r o u s a c i d a blank run, c o n t a i n i n g the same c o n c e n t r a t i o n s 
of a c i d and sodium n i t r i t e , was followed c o n c u r r e n t l y with a n i t r o s a t i o n 
run. I n an attempt to d i s c o v e r any a c i d - c a t a l y s i s i n t h i s range of a c i d i t y , 
0*40 to 1"70N p e r c h l o r i c a c i d and 0*20 to 1*35M s u l p h u r i c a c i d , a blank run 
was followed f o r every i n d i v i d u a l run. 
No a c i d - c a t a l y s i s was observed i n the n i t r o u s a c i d decomposition i n 
p e r c h l o r i c or s u l p h u r i c a c i d i n the range of acidity s t u d i e d (0*20 to 1*80N 
a c i d ) . I n a d d i t i o n no a c c e l e r a t i o n was detected i n the presence of sodium 
p e r c h l o r a t e or sodium bromide. The observed decomposition was f i r s t order 
w i t h r e s p e c t to n i t r o u s a c i d , the f i r s t order r a t e constant being l a r g e r i n 
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p e r c h l o r i c a c i d than s u l p h u r i c a c i d . The mean f i r s t order r a t e constants 
fo r the decomposition of n i t r o u s a c i d are shown i n Table 6.1. 
Table 6.1. 
F i r s t order r a t e c o n s t a n t s f o r the decomposition of n i t r o u s a c i d 
i n p e r c h l o r i c and s u l p h u r i c a c i d 
A c i d k x x 10 3 ( h r - 1 ) 
o i l . • 
S u l p h u r i c 
P e r c h l o r i c 
3-0 + 0*1 
4*6 + 0*4 
( a ) A c i d i t y range 0*20 to 1-35M 
( b ) A c i d i t y range 0*40 to W O N 
These o b s e r v a t i o n s a r e i n agreement w i t h those of B a y l i s s and Watts , 
who were studying decomposition a t higher a c i d i t y . I n a d d i t i o n these 
workers were using much higher c o n c e n t r a t i o n s of sodium n i t r i t e and hence 
i t was n e c e s s a r y to remove the products of decomposition. The mechanism 
suggested by B a y l i s s and Watts i s shown i n Scheme 6.1 and r e q u i r e s t h a t the 
r a t e of decomposition be dependent upon the a c i d i t y of the medium. I n 
the narrow range of a c i d i t y s t u d i e d i n the p r e s e n t i n v e s t i g a t i o n no a c i d -
c a t a l y s i s was detected. T h i s i s d i f f i c u l t to r a t i o n a l i s e with the proposed 
mechanism. B a y l i s s and Watts, however, were studying a r e g i o n of a c i d i t y i n 
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HN0„ + H + f a s t v H_N0 + 
slow NO + H„0 H-NO 
N_0_ + H NO + HNO 
N„0 >• products 
Scheme 6.1. 
which the nitrosonium i o n has been p o s i t i v e l y i d e n t i f i e d . A f i r s t order 
decomposition with r e s p e c t to n i t r o u s a c i d would be expected to show an 
a c i d i t y dependence. The range of a c i d i t y s t u d i e d i s probably not broad 
enough to i n d i c a t e any dependence on the a c i d i t y and f u r t h e r study would be 
r e q u i r e d to g i v e more concrete evidence. 
6.2 N i t r o s a t i o n of 3-chloro-2-methylpropene i n p e r c h l o r i c a c i d 
The n i t r o s a t i o n of 3-chloro-2-methylpropene was i n i t i a l l y s t u d i e d i n 
the range 0*40 to 1*70N p e r c h l o r i c a c i d . The k i n e t i c s were f i r s t order 
w i t h r e s p e c t to n i t r o u s a c i d and a t y p i c a l f i r s t order p l o t i s shown i n 
Fig.6.01 a t 0*84N p e r c h l o r i c a c i d . The second order r a t e c o n s t a n t s a t 
d i f f e r e n t a c i d i t i e s a r e shown i n Table 6.2. Fig.6.02 shows the p l o t of 
log ^ 2 a g a i n s t -H q and the slope of the l i n e , c a l c u l a t e d by l e a s t squares 
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Table 6.2. 
Second order r a t e constants f o r the n i t r o s a t i o n of 3-chloro-2-
methylpropene i n p e r c h l o r i c a c i d a t 0°C 
Run [HCIO^JM -H<*> 
0 
1 k 2 x 10 2 
(moles ' ' " l i t r e min *) 
191 1*68 0*62 4*88 
192 1-26 0*40 3*11 
193 0-84 0*14 2*21 
194 0*42 -0*17 1-23 
(a ) H values from reference 121 o 
A se r i e s of runs were now set up at constant i o n i c s t r e n g t h of 2*0M 
using analar sodium p e r c h l o r a t e . The r e s u l t s are shown i n Table 6.3. I t i s 
evident t h a t the r a t e constants a t d i f f e r e n t a c i d i t i e s are e f f e c t i v e l y 
unchanged a t constant i o n i c s t r e n g t h , i n c o n t r a s t t o d i a z o t i s a t i o n of 
45 
aromatic amines i n a constant i o n i c s t r e n g t h of 3'0M , where increases 
w i t h h . o 
I n the d i a z o t i s a t i o n of aromatic amines the s a l t e f f e c t was expressed 
122 -by equation 6.01 where [C10^ } i s the concentration of sodium p e r c h l o r a t e 
log k 2 = log k 2° + m[Cl0 4"] 6.01. 
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Table 6.3. 
Second order r a t e constants f o r the n i t r o s a t i o n of 
3-chloro-2-methylpropene at constant i o n i c s t r e n g t h at 0°C 
Run [HC10 4]M [NaCl0 4]M -H<°> 
o 
^ 2 x 
(mole 
i o 2 
•In • • 
l i t r e mm ) 
201 1-68 0'32 0*70 6*36 
202 1*26 0'74 0*58 6*55 
203 0*84 1*16 0'42 5'63 
204 0*42 1*58 0*13 5*58 
(a) Values of H taken from reference 45. o 
1 -2 -1 -1 Mean k„ = 6*0 + 0'2 x 10 mole l i t r e min . 
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added and m depends upon the c a t i o n present. Using r a t e constants from 
Runs 194 and 204 i t i s possible to c a l c u l a t e a value of m, since these r a t e 
constants are equivalent t o and k^ 0 r e s p e c t i v e l y . The c a l c u l a t e d value 
of m i s 0*41. However, a d d i t i o n of sodium p e r c h l o r a t e increases the value 
of -H J*^ and so k„ has to be corrected'''^ t o the same H value as k ° o 2 o 2 
The value of m obtained a f t e r t h i s c o r r e c t i o n i s 0*22. This i s t o be 
122 
compared w i t h the value of 0*27 i n the d i a z o t i s a t i o n of o - c h l o r o a n i l i n e 
123 
and 0*219 i n the d i a z o t i s a t i o n of 4-aminopyridine. 
Thus the pe r c h l o r a t e anion exerts a medium e f f e c t as observed i n the 
d i a z o t i s a t i o n of aromatic amines. I n c o n t r a s t t o the d i a z o t i s a t i o n of 
aromatic amines, n i t r o s a t i o n of 3-chloro-2-methylpropene i n p e r c h l o r i c a c i d 
follows, h . 
o 
The rate-expression f o r the n i t r o s a t i o n of 3-chloro-2-methylpropene i n 
p e r c h l o r i c a c i d i s : 
Rate = X k 3 [ O l e f i n ] [ H N 0 2 ] h Q 6.02. 
This expression can be i n t e r p r e t e d as the d i r e c t r e a c t i o n of 3-chloro-2-
methylpropene w i t h the n i t r o u s acidium i o n . The p o s s i b i l i t y of a t t a c k of 
123 
the nitrosonium i o n on the o l e f i n i s e l i m i n a t e d because t h i s would 
1 2 r e q u i r e a rate-expression of the type; Rate = k^[Olefin][HNOg]h Q , since 
2 
the concentration of the nitrosonium i o n i s p r o p o r t i o n a l t o [HNOglh . 
47 
I n the d i a z o t i s a t i o n of p - n i t r o a n i l i n c , the p l o t of l o g against 
-HQ was a curve and the slope exceeded u n i t y . To al l o w f o r the medium 
e f f e c t of p e r c h l o r i c a c i d values of were c a l c u l a t e d from equation 6.03; 
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l o g k 2 = log k 2° + m[HC104] 6.03. 
I n the p l o t of log k2° against - H q the values were on a s t r a i g h t l i n e of 
approximately u n i t slope. Thus k^ 0 was p r o p o r t i o n a l to h Q . The equivalent 
treatment of Runs 191 to 194 y i e l d e d a s t r a i g h t l i n e p l o t of log k^ 0 versus 
-H q, but the slope was approximately 0*4. 
Thus the n i t r o s a t i o n of 3-chloro-2-methylpropene i n p e r c h l o r i c a c i d 
can be accounted f o r completely by a t t a c k of the n i t r o u s acidium i o n 
wit h o u t the i n c u r s i o n of a medium e f f e c t . However, at constant concentration 
of p e r c h l o r a t e anion, the r a t e constant i s e f f e c t i v e l y unchanged, although 
the a c i d i t y of the medium was v a r i e d . Under these c o n d i t i o n s , a medium 
e f f e c t , of the type i d e n t i f i e d by Ridd and co-workers, appears t o become 
the dominant f a c t o r . 
2,3-dimethyl-2-butene was observed to be n i t r o s a t e d by the n i t r o u s 
acidium i o n i n very low aci d . Obviously 2,3-dimethyl-2-butene i s much more 
r e a c t i v e than 3-chloro-2-methylpropene. The r a t i o of the t h i r d order r a t e 
constants f o r the n i t r o s a t i o n by the n i t r o u s acidium i o n o f 2,3-dimethyl-
2-butene and 3-chloro-2-methylpropene i n p e r c h l o r i c a c i d i s 
4-73 x 10 3 ~ , ,_5 j — 3 x 10 
1*45 x 10 
6.3 N i t r o s a t i o n of 3-chloro-2-methylpropene and 3-hydroxy-2-methylpropene i n 
su l p h u r i c a c i d 
The k i n e t i c s of n i t r o s a t i o n of 3-chloro-2-methylpropene were studied i n 
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0*20 to 1*40M su l p h u r i c a c i d . Table 6.4 shows a run at 0*225M su l p h u r i c 
a c i d , i n c l u d i n g the c o r r e c t i o n f o r n i t r o u s a c i d decomposition. The f i r s t 
order p l o t s before and a f t e r c o r r e c t i o n are shown i n Fig.6.03. The 
second order r a t e constants before and a f t e r c o r r e c t i o n f o r n i t r o u s a c i d 
decomposition are shown i n Table 6.5. P l o t s of l o g ^"k^ against l o g [ H + ] 
and H q do not y i e l d s t r a i g h t l i n e s . 
To determine whether n i t r o s a t i o n i n su l p h u r i c acid followed the 
Hammett a c i d i t y f u n c t i o n , a series of runs were set up i n a broader range 
of a c i d i t y (0*20 t o 2*70M) to study the n i t r o s a t i o n of 3-hydroxy-2-methyl-
propene. I n an i n v e s t i g a t i o n of the s u i t a b i l i t y of organic solvents as 
the r e a c t i o n medium f o r n i t r o s a t i o n of o l e f i n s , i t was discovered t h a t 
alcohols reacted w i t h n i t r o u s a c i d . Thus, p r i o r to the k i n e t i c i n v e s t i g a t i o n 
of the n i t r o s a t i o n of the above o l e f i n , the r e a c t i o n of n i t r o u s a c i d w i t h 
p u r i f i e d isobutanol was shown t o be i n s i g n i f i c a n t i n comparison t o the r a t e 
of n i t r o s a t i o n of the o l e f i n under the same experimental c o n d i t i o n s . 
To confirm t h a t the r a t e i s s t i l l dependent on the concentration of 
the o l e f i n , a series of runs were followed i n 1*35M sulphu r i c a c i d w i t h 
v a r y i n g o l e f i n concentrations. The runs were f i r s t order w i t h respect to 
n i t r o u s a c i d and the v a r i a t i o n of the f i r s t order r a t e constants w i t h 
o l e f i n c o n c e n t r a t i o n i s shown i n Table 6.6. The dependence on the o l e f i n , 
determined by l e a s t squares a n a l y s i s , i s 0*95. 
The second order r a t e constants f o r the n i t r o s a t i o n of 3-hydroxy-2-




N i t r o s a t i o n of 3-chloro-2-methylpropene i n 0*225M 
sulp h u r i c a c i d a t 0°C 
Time 
(hours) 
O p t i c a l 
Density 
Corrected 
O p t i c a l 
Density 
0*00 0-363 0*363 
3*12 0-349 0-353 
14-45 0*311 0*328 
24*28 0*298 0*325 
37*20 0*259 0*296 
56*03 0-214 0*261 
85*53 0*180 0*241 
125*77 0*131 0*198 
174*27 0-097 0*168 
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Table 6.5. 
Second order r a t e constants f o r the n i t r o s a t i o n of 3-chloro-
2-methylpropene i n su l p h u r i c a c i d at 0°C 
Run [H 2S0 4]M [ H + ] N U ) o 
1, T O 2 
k 2 x 10 
/ •, - 1 , • • - I N 
(moles l i t r e mm J 
k 2 x 10 
(c o r r e c t e d ) 
-1 -1 
(moles l i t r e min ) 
198 1-35 1*74 3*10 3*62 2*70 
199 0*90 1*16 1*58 2*75 2*08 
189 0*675 0*858 1*03 2*53 1*63 
200 0*45 0*581 0*66 2*04 1*33 
190 0'225 0*297 0*30 2*09 1*26 
(a ) Taken from reference 124. 
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Table 6.6. 
V a r i a t i o n of f i r s t order r a t e constants f o r the n i t r o s a t i o n 
of 3-hydroxy-2-methylpropene i n 1*35M sulphu r i c a c i d a t 0°C 
Run 
» 
3 + l o g [ o l e f i n ] 1 + l og 1 k 1 
217 0*722 0*428 
210 0*883 0*572 
216 0*961 0*676 
223 0*999 0*683 
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Table 6.7. 
Second order r a t e constants f o r the n i t r o s a t i o n of 3-hydroxy-
2-methylpropene i n su l p h u r i c a c i d 
Run [H 2S0 4]M [ H + ] N ( a ) o 
\ 2 x 10 2 
(mole H i t r e min ^) 
1 2 Mean V.^ x 10 
(mole l i t r e mm ) 
257 2*70 3-58 17*5 847 847 
256 2-25 2*98 10*6 293*3 
285 + 6 
250 2*25 2*98 10*6 276*7 
255 1-80 2*38 5*89 121*7 
111 + 8 
251 1*80 2-38 5*89 100 
210 1'35 1*74 3*10 81*4 
216 1-35 1*74 3*10 86 *4 
83*3 + 1*2 
217 1*35 1*74 3*10 84*7 
223 1-35 1*74 3*10 80*6 
213 0-90 1*16 1*58 28*4 
28*3 + 0*1 
220 0*90 1-16 1*58 28*1 
214 0-45 0-581 0*66 8*05 
7*9 + 0*1 
221 0'45 0*581 0*66 7*73 
215 0*225 0*297 0*30 3*45 
3*7 + 0*2 
222 0-225 0*297 0*30 4*02 
(a ) Values taken from reference 124 
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The p l o t of l o g k 2 against - H q i s shown i n Fig.6.04. This p l o t i s a 
s t r a i g h t l i n e and has a slope of 1*3, which i s q u i t e near to u n i t y . 
The solvent isotope e f f e c t was determined by s e t t i n g up two runs i n 
1*50M sul p h u r i c acid at 4°C, one i n D20. The runs y i e l d e d good f i r s t 
order p l o t s . The r e s u l t s are shown i n Table 6.8. 
Table 6.8. 
\ Run Solvent L 
(mole ^ " l i t r e hr ^) 
280 H 20 36*6 
281 D20 76*6 
D 90 \ 2 
K2 
1 H 2 ° 
K 2 
= 2*10 
However, the deuterium oxide was only 9970 D20 
D 20 
Hence, the isotope e f f e c t was k 
The observed solvent isotope e f f e c t of 2*19 i s comparable w i t h t h a t 
47 
observed i n the d i a z o t i s a t i o n of p - n i t r o a n i l i n e , which was the same i n 
IT : 
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both sul p h u r i c and p e r c h l o r i c acids. A s i m i l a r isotope e f f e c t (a f a c t o r of 
2*2) has been observed i n the formation of n i t r o s y l i o dide from i o d i d e ions 
125 
and the n i t r o u s acidium i o n at low a c i d i t i e s . This has been i n t e r p r e t e d 
as suggesting t h a t proton t r a n s f e r t o the n i t r o u s a c i d molecule i s 
e s s e n t i a l l y complete before the n u c l e o p h i l i c attacks the n i t r o u s acidium 
i o n . I f the medium e f f e c t and r e a c t i v i t y of the n i t r o u s acidium i o n remain 
the same when the solvent i s changed from water to D2O, then the isotope 
e f f e c t can be ascribed to a tw o - f o l d increase i n n i t r o u s acidium i o n 
concentration i n the deuterated medium. The concentration of the n i t r o u s 
acidium i o n would be expected to increase on changing solvent to a 
deuterated medium since D^0+ i n D^Q i s a stronger a c i d than H.jO+ i n ^ 0 . 
The solvent isotope e f f e c t i n the n i t r o s a t i o n of 3-hydroxy-2-methyl-
propene confirms the n i t r o u s acidium i o n as the n i t r o s a t i n g agent. This 
supports the r e s u l t s obtained i n p e r c h l o r i c acid where the n i t r o u s acidium 
i o n was suggested as the n i t r o s a t i n g intermediate. I n a d d i t i o n these r e s u l t s 
i n d i c a t e t h a t the n i t r o u s acidium i o n i s formed i n an e q u i l i b r i u m r e a c t i o n 
before a t t a c k i n g the o l e f i n , t h a t i s the p o s s i b i l i t y of synchronous 
p r o t o n a t i o n of n i t r o u s acid and n i t r o s a t i o n of the o l e f i n i s eli m i n a t e d . 
The k i n e t i c form of t h i s r e a c t i o n can be f u r t h e r r a t i o n a l i s e d i n terms 
126 
of the "Hammett-Zucker" treatment of acid-catalysed r e a c t i o n s . 
Consider the f o l l o w i n g r e a c t i o n scheme: 
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+ f a s t f c + S + H < — — S H 
SH+ + Y _v , slow , — f > products 
where K. 
and K„ 
t r a n s i t i o n 
s t a t e 
[SH +] £SH + 
[ S ] [ H ] f g f H + 
[*] ¥ 
[SH ] [ Y ] f S H + f v 
V = kT[4] k¥ K 2 [ S H + ] [ Y ] 
4 + fS fH + fY 
k7 K. K 2 [ S ] [ H + ] [ Y ] -±JL-1 
*4 
V 
[S] k* K x K 2 [ H
+ ] [ Y ] b f K Y 
4 fS fY kT K L K 2[Y] a R + - j - i -
2 [S][Y] K ^ K L K 9 h f*!x 
1 2 ° fB
 f4 
Now, i f f ^ = f g H + f y 
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4 f R H + f S then k_ = k r K, K_ h -5H_ — -
Z 1 £ O 
fB fSH + 
f
B H+ f s 
I t i s q u i t e reasonable to say t h a t = since i t has been found 
fB fSH + 
t h a t , although bearing no s t r u c t u r a l resemblance t o a n i l i n e s , the p r o t o n a t i o n 
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of n i t r o u s a c i d f o l l o w s the Hammett a c i d i t y f u n c t i o n . 
m i . i i °bs , Thus k_ = k . h 2 o 
The second order r a t e constants i n the n i t r o s a t i o n of 3-hydroxy-2-methyl-
propene i n sulphu r i c a c i d have been shown t o f o l l o w h Q and so, as discussed 
e a r l i e r , t h i s r e a c t i o n can be i n t e r p r e t e d as a r a t e determining a t t a c k of 
the n i t r o u s acidium i o n on the o l e f i n . 
Comparison of the second order r a t e constants f o r the n i t r o s a t i o n of 
3-chloro-2-methylpropene i n p e r c h l o r i c a c i d and sulphu r i c a c i d a t the same 
h Q shows t h a t the r a t e constant i n p e r c h l o r i c a c i d i s i n general greater 
than t h a t i n sul p h u r i c a c i d . This i s i n support of the i d e n t i f i e d 
p e r c h l o r a t e i o n c a t a l y s i s and a t l e a s t shows t h a t a c a t a l y t i c e f f e c t of t h i s 
nature i s greater i n p e r c h l o r i c acid than s u l p h u r i c a c i d . 
N i t r o s a t i o n of 2,3-dimethyl-2-butene by the n i t r o u s acidium i o n was 
studied i n p e r c h l o r i c a c i d . However, an approximate r a t i o of the 
r e a c t i v i t i e s of 2,3-dimethyl-2-butene and 3-hydroxy-2-methylpropene towards 
the n i t r o u s acidium i o n can be obtained from the r a t i o of the r a t e constants; 
-115-
4-73 x 10 3 ^ 
2 - 3 x 10 
17-5 x 10 
Thus the f o l l o w i n g r e l a t i v e r e a c t i v i t i e s towards the n i t r o u s acidium i o n 
can be obtained, bearing i n mind th a t they are very approximate: 
O l e f i n 
R e l a t i v e r a t e of n i t r o s a t i o n 
by the n i t r o u s acidium i o n 
3-chloro-2-methylpropene 1 
3-hydroxy-2-methylpropene ~10 
2 ,3-dimethyl-2-butene ~3 x 10 5 
Thus, the r a t e of n i t r o s a t i o n of an o l e f i n by the n i t r o u s acidium i o n 
i s dependent on the r e a c t i v i t y of the o l e f i n . I n 1'35M sulphuric a c i d the 
r a t e constant f o r n i t r o s a t i o n of 3-hydroxy-2-methylpropene i s greater by a 
f a c t o r of 30 than t h a t f o r the n i t r o s a t i o n of 3-chloro-2-methylpropene. 
Although t h i s f a c t o r i s not the same i n a l l the a c i d i t i e s s t u d i e d , the r a t e 
constant f o r n i t r o s a t i o n of 3-hydroxy-2-methylpropene i s always s i g n i f i c a n t l y 
greater than t h a t f o r the n i t r o s a t i o n of 3-chloro-2-methylpropene. I n 
a d d i t i o n the r a t e constant f o r n i t r o s a t i o n of 2,3-dimethyl-2-butene i s much 
la r g e r than t h a t f o r e i t h e r of the other two o l e f i n s . Thus the n i t r o u s 
acidium i o n i s a very s e l e c t i v e n i t r o s a t i n g agent i n the n i t r o s a t i o n of 
o l e f i n s . This i s i n c o n t r a s t to the observed lack of d i s c r i m i n a t i o n of the 
n i t r o u s acidium i o n i n the n i t r o s a t i o n of aromatic amines as shown i n 
26 
Table 6.13 ; which was suggested to be due to an encounter-controlled r e a c t i o n . 
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Table 6.13. 
Amine 2 ? -2 - 1 , ( l i t r e mole sec ) pKa 
o - c h l o r o a n i l i n e 175 I'll 
p - n i t r o a n i l i n e 161 0*99 
o - n i t r o a n i l i n e 145 -0*29 
6.4 N i t r o s a t i o n of 3-hydroxy-2-methylpropene and 3-chloro-2-methylpropene 
i n the presence of h a l i d e ions i n su l p h u r i c a c i d 
The k i n e t i c s of the h a l i d e - i o n catalysed n i t r o s a t i o n of 3-hydroxy-2-
methylpropene and 3-chloro-2-methylpropene were studied under c o n d i t i o n s of 
a c i d i t y i n which n i t r o s a t i o n by the n i t r o u s acidium i o n would be expected 
i n the absence of c a t a l y s i s . 
C a t a l y s i s of the n i t r o s a t i o n of 3-hydroxy-2-methylpropene by added 
sodium bromide was studied i n i t i a l l y and good f i r s t order p l o t s were 
obtained. The f i r s t order r a t e constants were observed to show the same 
dependence on the o l e f i n concentration and h Q as the r a t e constants f o r the 
uncatalysed process. 
The r e s u l t s have been i n t e r p r e t e d i n terms of the f o l l o w i n g scheme 
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H 2 N 0 2 + + > C = C < ^ 
3 
NOBr + >C=C< 
^ obs 
Tot a l r a t e = k_ [ O l e f i n ] [ T o t a l n i t r i t e ] h J o 
, ebs Br 
k„ [Ol e f i n ] [ H N O J h + k_ [Olefin][NOBr] j / o J 
1 1 B r k 3 [ O l e f i n ] [ H N 0 2 ] h Q + A k K B r [ 0 1 e f i n ] [ H N 0 2 ] [ B r ] 
1 ° b s 1 1 B r Rr '. k 3 [ T o t a l N i t r i t e ] = k^HNO^ + k 3 K [HN0 2][Br"] 
1 obs/ "\ 1 obtf Rr ^ ". k 3 \^[HN02] + [NOBr]J~ ^ \JHN0 2] + K c r[HN0 2] [B r " ] h Q J 
1 1 B r Rr = k 3[HN0 2] + H<3 K B r [ B r " ] [ H N 0 2 ] 
1 R r 1 1 B r B r 
k j . ( l + K ^ B r ] h ) = 1 k . + \ K B r [ B r " ] 
O j 3 
1 1 B r Rr obs V + \ K B r [ B r ~ ] 
3 1 +K ?FBr"]h 
ButK:[Br"]h « 1, since K B r = 2*2 x 1 0 - 2 o 
1 ° b S 1 1 B r Rr 
\ 3 = i k 3 + A k 3 K B r [ B r " ] 
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^k^ i s known from the previous s e c t i o n and K = 2*2 x 10 ^ a t 0°C f o r 
128 
n i t r o s y l bromide. , 
1 ° b s 1 
Br ^ ~ k 3 . . k = 
J K[Br ] 
1 B r 
The c a l c u l a t i o n of k^ f o r the n i t r o s a t i o n of 3-hydroxy-2-methylpropene 
i n 0*45M s u l p h u r i c acid i n the presence of v a r y i n g concentrations of 
sodium bromide i s shown i n Table 6 .9. The c a l c u l a t e d t h i r d order r a t e 
constants f o r n i t r o s a t i o n by n i t r o s y l bromide are inaccurate. The 
c a l c u l a t i o n includes s i g n i f i c a n t assumptions and also any i o n i c s t r e n g t h 
e f f e c t of the added sodium bromide has been ignored. This has, however 
been kept t o a minimum by working at low concentrations of sodium bromide. 
A se r i e s of runs were set up i n which the c a t a l y s i s due to the 
c h l o r i d e i o n could be studied. The r e s u l t s obtained are shown inTable 
6.10 and are subject t o s i m i l a r inaccuracies to the n i t r o s y l bromide studies. 
The i o n i c s t r e n g t h e f f e c t would be expected t o be greater i n the case of 
n i t r o s y l c h l o r i d e than n i t r o s y l bromide since the o v e r a l l c a t a l y t i c e f f e c t 
i s less f o r n i t r o s y l c h l o r i d e . 
The r e l a t i v e r e a c t i v i t y of n i t r o s y l c h l o r i d e and n i t r o s y l bromide 
towards 3-hydroxy -2-methylpropene i s ; 
. CI 
Lk 2 K3 1-6 x 10 , , 
— — — — D * / 




T h i r d order r a t e constants f o r the n i t r o s a t i o n of 3-hydroxy-2-methyl 
propene i n the presence of sodium bromide at 0°C 
[H„SO,] = 0*45M; h = 0 - 6 6 2 4 o 
Run [B r " ] 
1 ° b s 2 k 3 x 10 
-2 2 -1 
(mole l i t r e min ) 
^ obs 2 
Mean x 10 
-2 2 -1 (mole l i t r e min ) 
K3 
-2 2 -1 (mole l i t r e min ) 
214 0 12*2 
12-0 + 0*2 -221 0 11*7 
235 O'l 17'0 
16*9 + 0*1 22 
236 0-1 16*7 
239 0-2 19-1 
19*3 + 0-1 17 
240 0*2 19*5 
233 0-5 44-5 
44 «5 30 
234 0*5 44*5 
Mean k„ = 2 4 + 5 mole l i t r e min 
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Table 6.10 
T h i r d order r a t e constants f o r the n i t r o s a t i o n of 3-hydroxy-2-methylpropene 
o -4 o 129 i n the presence of sodium c h l o r i d e a t 0 C (Using K = 5*4 x 10 a t 0 C. ) 
Run [CI " ] 
1 ° b s 2 k 3 x 10 
-2 2 -1 (mole l i t r e min ) 
1 C l -2 k 3 x 10 
-2 2 -1 (mole l i t r e min ) 
214/221 0 12*0 -
248 0*3 13*8 1-1 
245 0*5 17*8 2*1 
Cl 
Mean k„ 2 -2 2 - 1 = 1*6 + 0*4 x 10 mole l i t r e min 
[H 2S0 4] = 0-45M; h Q = 0-66 
I f n i t r o s y l bromide attacks 3-hydroxy-2-methylpropene, then the 
product should be t h a t obtained by the attachment of the elements of n i t r o s y l 
bromide to the o l e f i n . The product from a r e a c t i o n s i m u l a t i n g run 
co n d i t i o n s contains bromine and has p r o p e r t i e s which i n d i c a t e t h a t the 
elements of n i t r o s y l bromide were added t o the o l e f i n i n the r e a c t i o n . The 
mass spectrum had no parent peak, the highest mass peak was M151/3 (P-NO). 
The base peak was M30 ( N 0 + ) . The f o l l o w i n g peaks were present M137/139 
(P-CH„N0), M120/122 (P-CH„N0 o), M72 (P-NOBr), M58 (P-CH oN0Br), M41(P-CH„N00Br) 
and M27 (P-C2H^N02Br). This i s co n s i s t e n t w i t h the mass spectrum of 3-hydroxy-
2-bromo-2-methylnitrosopropane. 
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A series of runs were now set up t o study the c a t a l y t i c e f f e c t of 
sodium bromide on the n i t r o s a t i o n of 3-chloro-2-methylpropene. Once more 
they y i e l d e d good f i r s t order p l o t s and the t h i r d order r a t e constants are 
included i n Table 6.11. 
Table 6.11 
Th i r d order r a t e constants f o r the n i t r o s a t i o n of 3-chloro-2-methylpropene 
i n the presence of sodium bromide at 0°C 
[H 2S0 4] = 1*35M; h Q = 3-1 
Run [ B r - ] 
1 ° b s 3 k 3 x 10 
-2 2 -1 (moles l i t r e min ) 
R3 
-2 2 -1 (moles l i t r e min ) 
198 0 8-7 -
197 0*1 51-9 19*6 
207 0*3 107*2 14*9 
196 0*5 151*2 13*0 
Mean k„ = 1 5 * 8 + 1 * 6 moles l i t r e min 
I f a comparison of the r e a c t i v i t y of n i t r o s y l bromide to 3-chloro-2-methyl-
propene and 3-hydroxy-2-methylpropene i s v a l i d , then i t i s 
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l k 3 B r ) ° H & 
1 Br\ 15-8 1 , 5 
'k 3 J CI 
Thus the hydroxy group increases the r e a c t i v i t y of the o l e f i n towards 
e l e c t r o p h i l i c n i t r o s a t i o n . 
I t should be possible to o b t a i n f u r t h e r q u a n t i t a t i v e comparison of the 
r e a c t i v i t y of 3-hydroxy-2-methylpropene and 3-chloro-2-methylpropene from 
the study of the acid-catalysed mechanism of n i t r o s a t i o n . However, t h i s i s 
not p o s s i b l e since, i n the region s t u d i e d , the n i t r o s a t i o n of 3-chloro-2-
methylpropene i s not accurately described by a dependence on h Q or [H*"] . 
The dependence on h Q i s i n f e r r e d from the study of the n i t r o s a t i o n of 
3-hydroxy-2-methylpropene. 
The r e a c t i v i t y of 3-hydroxy-2-methylpropene to n i t r o s y l bromide as 
compared w i t h 3-chloro-2-methylpropene i s only increased by a f a c t o r of 1*5. 
I n a study of the comparative r e a c t i v i t y of 3-hydroxypropene and 3-chloro-
propene i n the bromination r e a c t i o n i n methanol, the hydroxy compound was 
130 
more r e a c t i v e by a f a c t o r of 130. I t w i l l be remembered t h a t a s i m i l a r 
d i f f e r e n c e was noted i n the comparative r e a c t i v i t i e s of 2,3-dimethylbutene 
and 2-methylbutene, but the d i f f e r e n c e was not so s i g n i f i c a n t . I t appears 
t h a t , although the r e a c t i v i t y of the o l e f i n has been increased very 
s i g n i f i c a n t l y (a f a c t o r of 130), the r a t e constant changes only very l i t t l e . 
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The very small change of the r a t e constant f o r n i t r o s a t i o n by n i t r o s y l 
bromide on changing to a more r e a c t i v e o l e f i n shows t h a t n i t r o s y l bromide 
i s not a very s e l e c t i v e n i t r o s a t i n g agent. S i m i l a r l y , the r a t e of 
n i t r o s a t i o n of aromatic amines by n i t r o s y l c h l o r i d e has been shown t o be 
almost independent of the b a s i c i t y of the amine. The r a t e constants are 
26 
c o l l e c t e d i n Table 6.12. For comparison, p - t o l u i d i n e i s more basic than 
o - c h l o r o a n i l i n e by a f a c t o r of 250 w h i l s t the r a t e constant i s only increased 
by a f a c t o r of 2'5. 
Table 6.12. 
N i t r o s a t i o n of aromatic amines by n i t r o s y l c h l o r i d e 




(mole ^ l i t r e sec ^) 
o - c h l o r o a n i l i n e 1*16 
m-c h l o r o a n i l i n e 1*63 
p - c h l o r o a n i l i n e 1*89 
a n i l i n e 2*60 
o - t o l u i d i n e 2-44 
m - t o l u i d i n e 2*70 
p - t o l u i d i n e 3*00 
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6.5 Summary 
The decomposition of n i t r o u s a c i d i n the range of a c i d i t y studied was 
f i r s t order w i t h respect to n i t r o u s a c i d and independent of the a c i d i t y . 
An acid-catalysed n i t r o s a t i o n has been i d e n t i f i e d i n the r e a c t i o n w i t h 
3-chloro-2-methylpropene, which i s subject t o a medium e f f e c t of the 
pe r c h l o r a t e anion s i m i l a r to t h a t observed i n d i a z o t i s a t i o n . The n i t r o u s 
acidium i o n has been shown t o be the n i t r o s a t i n g agent i n 0*40 to 1'70N 
p e r c h l o r i c a c i d and i n 0*20 to 1«40M sulph u r i c acid. This was p o s i t i v e l y 
confirmed by the solvent isotope e f f e c t of 2*2. The n i t r o s a t i o n has been 
shown t o be subject to s p e c i f i c h a l i d e i o n c a t a l y s i s by bromide and c h l o r i d e 
ions. This was consistent w i t h r a t e determining a t t a c k by n i t r o s y l bromide 
or n i t r o s y l c h l o r i d e on the o l e f i n . The r e a c t i o n of n i t r o s y l bromide w i t h 
an o l e f i n has been shown to have only a small dependence on the r e a c t i v i t y 
of the o l e f i n whereas the n i t r o u s acidium i o n has been shown to be a very 
s e l e c t i v e n i t r o s a t i n g agent. 
Chapter 7. 
Experimental techniques f o r the k i n e t i c study. 
(Chapter 5 and 6) 
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7.1 M a t e r i a l s 
"AnalaR" grade chemicals have been used, when a v a i l a b l e , without 
f u r t h e r p u r i f i c a t i o n , except f o r drying where necessary. 
(a) 2-methyl-2-butene: A commercial sample was shown to be pure by 
vapour phase chromatography and was used w i t h o u t f u r t h e r p u r i f i c a t i o n . 
(b) 3-chloro-2-methylpropene and 3-hydroxy-2-methylpropene: 
Commercial samples were p u r i f i e d by p r e p a r a t i v e scale vapour phase 
chromatography. 
13] 
(c ) 2,3-dimethyl-2-butene: This was prepared ' i n the l a b o r a t o r y 
because the commercial sample contained l a r g e amounts of i m p u r i t i e s . A 
mixture of p i n a c o l y l a l c o h o l (100 gm.) and 85% phosphoric ac i d (75 ml.) was 
slowly heated to 135°C wh i l e v o l a t i l e m a t e r i a l formed was allowed t o d i s t i l l . 
The d i s t i l l a t e was washed w i t h water, d r i e d , and d i s t i l l e d from D r i e r i t e 
through a column. This d i s t i l l a t e was very impure as shown by vapour phase 
chromatography and thus was p u r i f i e d by p r e p a r a t i v e scale vapour phase 
chromatography. 
(d) Sodium n i t r i t e : "AnalaR" sodium n i t r i t e was r e c r y s t a l l i s e d from 
d i s t i l l e d water and d r i e d over phosphorous pentoxide. 
7.2 K i n e t i c Method 
Runs were c a r r i e d out at 0°C, temperature c o n t r o l being obtained i n a 
thermostat. The thermostat was maintained a t 0°C w i t h a co l d f i n g e r u n i t 
and accurate temperature c o n t r o l was provided by a contact thermometer. 
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Th e thermostat bath contained d i l u t e a n t i f r e e z e to prevent i c e formation 
on the c o l d f i n g e r u n i t . 
K i n e t i c runs were performed i n a t o t a l volume of 100 ml. 90 ml. of 
r e a c t i o n s o l u t i o n c o n t a i n i n g the o l e f i n and aci d were allowed to reach the 
thermostat temperature over a period of time. To commence the run 10 ml. 
of a stock sodium n i t r i t e s o l u t i o n , already at 0°C, was added and the 
s o l u t i o n shaken v i g o r o u s l y . Samples were withdrawn by e i t h e r a 2 ml. or a 
5 ml. p i p e t t e a t s u i t a b l e time i n t e r v a l s , and run i n t o the a n a l y t i c a l 
s o l u t i o n "A", the time being noted when the p i p e t t e was h a l f discharged. 
The r e a c t i o n of n i t r o u s acid w i t h s u l p h a n i l i c a c i d i n s o l u t i o n "A" i s 
v i r t u a l l y instantaneous and so the r e a c t i o n i s quenched immediately. The 
diazonium s a l t formed i n solution"A"was coupled w i t h s o l u t i o n "B" to form 
the azo-dye and the whole made up t o a t o t a l volume of 50 ml. Runs were 
done i n d u p l i c a t e so t h a t r e p r o d u c i b i l i t y of runs should be easier. 
The k i n e t i c run on the deuterium solvent isotope e f f e c t of the 
n i t r o s a t i o n of 3-hydroxy-2-methylpropene was c a r r i e d out at 4°C, by simply 
r a i s i n g the temperature of the thermostat. 
7.3 A n a l y t i c a l Techniques 
7.3.(a) N i t r o u s a c i d 
Analysis f o r n i t r o u s a c i d was done c o l o r i m e t r i c a l l y and was based on the 
132 
Ridd-Halevi v a r i a t i o n of the Greiss-Ilosvay c o l o r i m e t r i c method. a-
Naphthylamine was not used as the coupling agent i n these studies since i t i s 
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carcinogenic. I t was replaced by 2-naphthol-3,6-disulphonic a c i d . 
Two stock s o l u t i o n s were re q u i r e d f o r t h i s method: 
( 1 ) S o l u t i o n "A": 
(2 ) S o l u t i o n "B": 
0*5 gm. s u l p h a n i l i c a c i d 
0*25 gm. 2-naphthol-3,6-disulphonic a c i d 
30 gm. borax 
13 ml. of 607o p e r c h l o r i c a c i d 
10 gm. of sodium bromide 
i n 500 ml. 
i n 1000 ml. 
Preparation f o r a k i n e t i c run involved adding 5 ml. of s o l u t i o n "A" to 
a series of 50 ml. vo l u m e t r i c f l a s k s . Reaction samples were run i n t o t h i s 
s o l u t i o n "A" and allowed to stand f o r 5 minutes. 10 ml. of s o l u t i o n "B" 
were added and the s o l u t i o n allowed to stand f o r 10 minutes to all o w time 
f o r colour development. Immediately p r i o r to recording the o p t i c a l density 
on a Unicam S.P.500, the t o t a l volume was increased to 50 ml. w i t h 
d i s t i l l e d water. Since the concentration of n i t r o u s a c i d i n the runs only 
v a r i e d by a f a c t o r of 2, the o p t i c a l density always f e l l i n t o a convenient 
range. When long runs were followed (longer than two days), i t was 
necessary t o take more r e a c t i o n samples and thus a 2 ml. p i p e t t e was used. 
The o p t i c a l density was obtained i n a convenient range by changing 
the 1 or 2 cm. c e l l s f o r 4 cm. c e l l s . S u l p h a n i l i c a c i d and 2-naphthol-3,6-
disulphonic a c i d were always maintained i n excess concentration so t h a t the 
d i a z o t i s a t i o n and coupling r e a c t i o n s were r a p i d . 
At higher a c i d i t i e s the borax added i n 10 ml. of s o l u t i o n "B" was 
i n s u f f i c i e n t to b u f f e r the coupling s o l u t i o n t o the c o r r e c t pH. Thus, an 
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a p p r o p r i a t e volume of sodium hydroxide was introduced p r i o r to the a d d i t i o n 
of s o l u t i o n "B" to n e u t r a l i s e some of the acid and all o w the borax t o 
b u f f e r the coupling s o l u t i o n to the c o r r e c t pH. 
7.3(b) O l e f i n 
I t was found t o be inaccurate to make up aqueous s o l u t i o n s of o l e f i n by 
i n t r o d u c i n g a weighed q u a n t i t y of o l e f i n . The s o l u b i l i t y of the o l e f i n s , 
excepting 3-hydroxy-2-methylpropene, was very low and to o b t a i n homogeneous 
s o l u t i o n s they had to be shaken f o r some hours. When i t i s r e a l i s e d t h a t 
the b o i l i n g p o i n t of 2-methyl-2-butene i s 38'^C, i t i s not s u r p r i s i n g t h a t 
s i g n i f i c a n t q u a n t i t i e s were l o s t by evaporation on shaking. 
10 ml. of the aqueous o l e f i n s o l u t i o n was added t o 2 ml. of standard N/5 
bromide-bromate s o l u t i o n , followed by excess d i l u t e a c i d . This s o l u t i o n was 
allowed t o stand f o r 10 minutes. The excess bromide-bromate was determined 
by adding excess potassium i o d i d e s o l u t i o n and t i t r a t i n g the l i b e r a t e d i o d i n e 
w i t h standardised sodium t h i o s u l p h a t e . No i n d i c a t o r was re q u i r e d since the 
end-point was q u i t e d i s t i n c t . 
The bromide-bromate used was M/30 w i t h respect to bromate and hence 
M/10 or N/5 w i t h respect t o bromine. The r e a c t i o n t a k i n g place i s : 
B r 0 3 " + 5Br" + 6H + >• 3Br 2 + 3H 20 
Br„ + >C=C< > 
2 ml. of N/5 bromine i s equivalent to 4 ml. of M/20 bromine, t h e r e f o r e t o 
remove a l l the bromine, the o l e f i n must be xM, where x i s given by: 
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4 x 0*05 = 10 x xM 
.'. x = 0«02M 
Therefore, t h i s technique i s capable of measuring the concentration of 10 ml. 
of an o l e f i n s o l u t i o n up t o 0'02M. Higher o l e f i n concentrations can be 
measured by using a smaller volume of the o l e f i n s o l u t i o n . 
7.3(c) P e r c h l o r i c a c i d and s u l p h u r i c a c i d 
Stock s o l u t i o n s were standardised by t i t r a t i o n w i t h sodium hydroxide 
s o l u t i o n , which i t s e l f was standardised by t i t r a t i o n w i t h B.D.H. standard 
ac i d . The a c i d i t y of r e a c t i o n s o l u t i o n s was determined e i t h e r by t i t r a t i o n 
or by d i l u t i o n of a standardised stock s o l u t i o n . 
The n o r m a l i t y of d i l u t e s u l p h u r i c acid s o l u t i o n s was e a s i l y determined 
by t i t r a t i o n . I n more concentrated s o l u t i o n s , however, i t was only possible 
to determine the m o l a r i t y of the su l p h u r i c a c i d s o l u t i o n s . The n o r m a l i t i e s 
and h values of su l p h u r i c a c i d s o l u t i o n s were taken from Table 7.1. o r 
7.3.(d) Spectrophotometric Measurements 
The o p t i c a l density of the s o l u t i o n s of the azo-dye was measured i n 
1, 2 or 4 cm. glass c e l l s on a Unicam SP.500 at 492 m/i. The azo-dye was 
shown t o obey the Beer-Lambert law over the range of o p t i c a l d e n s i t y studied. 
The o p t i c a l density corresponding t o various concentrations of n i t r o u s a c i d 
i s shown i n Table 7.2. The p l o t showing the obedience of the Beer-Lambert 
law i s shown i n Fig.7.01. 
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Table 7.1. 
[H 2S0 4]M [H+]M h o 
0*0994 0*132 0*136 
0*1981 0*260 0*275 
0*2961 0*383 0*418 
0*3933 0*508 0*572 
0*4899 0*631 0*735 
0*5858 0*754 0*907 
0*6809 0*874 1*09 
0*7754 0*992 1*28 
0*8691 I ' l l 1*51 
0*9623 1*24 1*77 
1*417 1-82 3*43 
1*855 2*46 6*28 
2*277 3*01 10*6 
2*683 3*58 17*5 
3*073 4*08 27*1 
3*448 4*59 40*6 
(a) Taken from reference 124. 
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Table 7.2. 
Optical density of azo-dye produced by sodium n i t r i t e i n the 
presence of excess perchloric acid 
4 
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7.4 Typical Kinetic Runs 
7.4. (a) At low acid i t y «0*1M) 
Kinetic runs representative of the conditions under which runs have 
been carried out are shown in Tables 7.3, 7.4 and 7.5. 
7.4.(b) At high a c i d i t y Q0*2M) 
F i r s t order rate constants were obtained from the slope of the plot 
of -log(a - x) v time. The slope i s 
-log(a - x) _ k 
t 2*303 
therefore k = 2*303 x (slope). The f i r s t order plots shown i n this 
section are l i s t e d i n Table 7.6. 
7.4.(c) Solvent-isotope effect 
Details of the runs i n water and D^O to determine the solvent-isotope 
effect i n 1*50M sulphuric acid are shown i n Table 7.7. The f i r s t order 
plots for the runs are shown in Fig.707. and Fig.7.08. 
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Table 7.3. 
Nitrosation of 2-methyl-2-butene 
Run 15 
[HC10 4] = 4-21 x 10~ 4 M [Olefin] = 0*001 M 
-4 o [NaNOg] = 2 x 10 N Temperature = 0 C 





k 2 x 10 
(O.D."1 h r " 1 ) 
0*00 0*730 -
5*02 0*665 2*66 
7-03 0-643 2*63 
9*95 0*623 2*36 
24*65 0*495 2*63 
31*35 0*453 2*67 
48*37 0*395 2*40 
60*28 0*338 2*63 
70*97 0*304 2*63 
84*43 0*295 2*39 
99*58 0*269 2*35 
Mean 2 k 2 = 2*54 x 1 0 - 2 O.D."1 h r " 1 
2— 3 - 2 2 ' .". k„ = 1*60 x 10 mole l i t r e min 
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Table 7.4. 
Nitrosation of 2,3-dimethyl-2-butene 
Run 261 
[HC10 4] = 2*14 x 10" 4 M [Olefin] = 0*00165 M 
-4 o [NaN02] = 1 x 10 N Temperature = 0 C 








(O.D."1 h r . " 1 ) 
0*00 0*389 - -
0*73 0*356 0*125 0*34 
1*18 0*350 0*089 0*24 
2*35 0*328 0*073 0*20 
3*50 0*307 0*068 0*20 
4*87 0*288 0*062 0*19 
6*27 0*280 0*052 0*16 
8*13 0*279 0*041 0*13 
10*80 0*258 0*038 0*12 
13*23 0*230 0*040 0*13 
23*73 0*163 0*037 0*15 
29*72 0*137 0*035 0*16 
38*00 0*109 0*033 0*17 
47*65 0*089 0*031 0*18 
61*77 0*070 0*028 0*19 
78*10 0*056 0*025 0*20 
99*80 0*035 0*024 0*26 
contd./ 
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Table 7.4. (contd.) 
Mixed f i r s t and second order treatment 
d x / d t d X / d t / ( a -•x) (a-x) 
0*0154 0*047 0*325 
0*0117 0*039 0*300 
0*0062 0*031 0*200 
0*0056 0*032 0*175 
0*0045 0*030 0*150 
0*0031 0*025 0*125 
0*0020 0*020 0*100 
0*0012 0*016 0*075 
• s -
9*17 x 10 2 mole -2 2 l i t r e 
4*35 x 10 3 mole -2 2 l i t r e 
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Table 7.5. 
Nitrosation of 2,3-dimethyl-2-butene 
Run 274 
[HCIO^] = 42-6 x 10" 4 M [Olefin] = 0-00119 M 
-4 o 
[NaNO-] = 1 x 10 N Temperature = 0 C 
Sample 2 ml. C e l l s 4 cm. 
1- , 2 Time Optical k. x 10 
(minutes) Density Cmin ; 
0-00 0-389 -
7'00 0-329 2-39 
14-00 0-282 2-30 
22*00 0-244 2-12 
32-50 0-197 2-09 
44*00 0-153 2-12 
58-50 0-112 2-13 
71-00 0-085 2-11 
85-00 0-059 2.22 
101-00 0-048 2-07 
Mean k^ = 2-17 x 10 min 
1- 3 - 2 2 . Mean k_ = 4-28 x 10 mole l i t r e min 
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Table 7.6. 
F i r s t order plots shown i n th i s section 
( i ) For 3-hydroxy-2-methylpropene 
Figure Number [Br"] or [CI'] Acid Concentration 
7'02 0 Sulphuric 0*45M 
7-03 0 Sulphuric 1*80M 
7*04 0*5N [Br"] Sulphuric 0'45M 
7-05 0'3N [ C l " ] Sulphuric 0-45M 
( i i ) For 3-chloro-2-methylpropene 
7.06 0»5N [Br"] Sulphuric 1'35M 
log( a . -x ) 
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Nitrosation of 3-hydroxy-2-methylpropene i n 1*50M 
sulphuric acid at 4°C 
H20 D20 









0-00 - 0*00 -
0-02 0*320 0*02 0*283 
0*05 0*310 0*07 0*273 
0*18 0*293 0*14 0*244 
0*42 0*267 0*32 0*214 
0*59 0*250 0*42 0*198 
0*88 0*218 0*55 0*173 
1*16 0*195 0*71 0*149 
1*64 0*160 0*93 0*114 
2*21 0*121 1*17 0*095 
2*78 0*094 1*43 0*072 
3*52 0*065 1*68 0*054 
4*22 0*044 2*00 0*037 
5 '16 0*030 2*42 0*023 
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7.5 Correction of runs at high a c i d i t y for the decomposition of nitrous acid 
This correction was only necessary for the runs on the ni t r o s a t i o n of 
3-chloro-2-methylpropene, since i n other studies the decomposition was 
in s i g n i f i c a n t . A blank run, containing the same concentrations of acid 
and sodium n i t r i t e , was followed concurrently with the nit r o s a t i o n run. 
Thus at a particular time the concentration of nitrous acid i n the blank 
run was either measured or could be read o f f a concentration-time curve 
Each individual point was corrected i n the following manner: 
At time t , the concentration of nitrous acid i n the blank was C_ moles 
B 
and i n the ni t r o s a t i o n run was moles. The concentration of nitrous 
acid i n the blank at time zero was CQ moles. 
(C^ -C,,) moles of nitrous acid had decomposed at time t . 0 B 
C -C 
Nitrous acid decomposed _ 0 B 
Nitrous acid remaining C„ 
B 
Thus amount of nitrous acid i n the ni t r o s a t i o n run which has disappeared by 
. . /C0"V\„ decomposition =1 — JC,. 
\ CB / R 
Hence the t o t a l concentration of nitrous acid that should be present i n the 
nitr o s a t i o n run i s given by: 
+ / C n - C B \ c n 
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Run 193 was treated i n th i s way and the results are included i n 
Table 7.8. 
7.6 Reaction simulating the conditions for the ki n e t i c addition of n i t r o s y l 
bromide to 3-hydroxy-2-methylpropene 
AnalaR concentrated sulphuric acid (25 gm.), sodium bromide (52 gm.) 
and 3-hydroxy-2-methylpropene (20 ml.) were added to 400 ml. water. This 
reaction solution was maintained at 0°C and over the period of a week a 
sodium n i t r i t e solution (17*5 gm. sodium n i t r i t e i n 50 ml.) was added. The 
aqueous layer was saturated with sodium sulphate and then ether extracted. 
On removal of the ether a brown o i l was obtained. 
The brown o i l showed the typical peaks of a nitroso compound i n i t s 
infrared spectrum. The mass spectrum (discussed i n previous chapter) i s 
consistent with a nitroso-bromide. 
The elemental analysis observed was: C,29'9%; H,4-8%; N,4-47„; Br,39'67, 





Nitrosation of 3-chloro-2-methylpropene i n 0-84N 








0-00 0-363 0-363 
0-02 0-352 0-352 
3-47 0-314 0-323 
8*40 0-291 0-307 
13 '82 0-282 0-305 
24-83 0-242 0-277 
38*78 0-190 0-232 
53*90 0-152 0-197 
74-62 0-105 0-147 
102-42 0-076 0-117 
133-85 0-053 0-091 
Section 4. 
Appendix 1. 
Infrared spectra of addition compounds of 
nitrous acid with some olefins 
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A l . l . Infrared spectra of organic n i t r i t e s , n i t r o and nitroso compounds 
A l . l . ( a ) Organic n i t r i t e s 
A lkyl n i t r i t e s exist as a mixture of cis and trans geometrical 
isomers; 
R 0 R 0 
\ N = 0 
cis trans 
They show d i f f e r e n t stretching wavelengths i n the infrared region for the 
133 
N=0 bond, due to the proximity of the oxygen atom to the a l k y l group. 
The observed N=0 stretching wavelengths of the cis and trans isomers of 
134 
some a l k y l n i t r i t e s are shown i n Table A l . l . This wavelength for the 
N=0 stretching v i b r a t i o n i n a l k y l n i t r i t e s i s to be compared with the value 
obtained for C-nitroso compounds i n the region 6*4-6*8 yt. The N-0 
135 
vib r a t i o n of a l k y l n i t r i t e s i s observed i n the region of 12*5 / i . 
The ra t i o s of cis and trans isomers present for a given a l k y l n i t r i t e 
have been calculated from dipole moment measurements and are shown i n 
136 
Table A1.2. Thus trans > c i s , and the r a t i o increases markedly from 
primary through secondary to t e r t i a r y . 
The infrared spectra of a l k y l n i t r a t e s have also been widely studied 
and show si g n i f i c a n t s i m i l a r i t i e s to those of the n i t r i t e s . The main 
137 
features are summed up i n Table A1.3. 
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Table A l . l . 
Observed N=0 stretching wavelengths i n a l k y l n i t r i t e s 




EtONO Carbon Tetrachloride 6-05 6*20 
BunONO Liquid (neat) 6*07 6-22 
Carbon Tetrachloride 6-06 6-22 
n C 5 H l l 0 N 0 Liquid (neat) 6-06 6-21 
Carbon Tetrachloride 6 »05 6-21 
isoC^Hj^ONO Liquid (neat) 6-05 6*21 
Carbon Tetrachloride 6*05 6-22 
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Table A1.2. 
trans/cis for organic n i t r i t e s at 25°C 
N i t r i t e State trans/cis 
Methyl g 1*77 
Ethyl g 1*94 
n-Propyl 1 1*70 
n-Amyl 1 1-33 
A l l y l 1 1-17 
Isopropyl 1 4-26 








6*10 - 6*15 M 
7-80 - 7*86 H 
11*49 - 11'70/J 
vaCNC^) asymmetric s t r e t c h i n g mode 
vsCNOg) Symmetric s t r e t c h i n g mode 
v(O-N) 0-N s t r e t c h i n g mode 
A l . l . ( b ) Organic n i t r o compounds 
I n nitromethane the p o s i t i o n of the CtK^ group fundamental v i b r a t i o n s 
138 
have been shown, by a t h e o r e t i c a l study, to be: 
NO2 asymmetric s t r e t c h 6*3 7 \JL 
NO2 symmetric s t r e t c h 7*25 ju 
C-N s t r e t c h 10*90 M 
S i m i l a r bands were seen i n other n i t r o a l k a n e s and thus e m p i r i c a l assignments 
138 
of the CNO2 group fundamentals were made as fo l l o w s : 
NO2 asymmetric s t r e t c h near 6*4n 
NO2 symmetric s t r e t c h near 7*3 M 
C-N s t r e t c h near 11*6 V 
However i t has been found t h a t e m p i r i c a l assignments of the C-N s t r e t c h i n g 
139 
v i b r a t i o n a r e not j u s t i f i e d , owing to the l a r g e observed differences.'*' 
The c o r r e l a t i o n of the type of compound with observed frequency of the NO2 
139 
group fundamental v i b r a t i o n s a r e shown i n Table A1.4. 
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Table Al.4. 
Nitro group fundamental vibrations i n a selection of compounds 
Compound 
Type 
N0„ asymmetric stretch N00 symmetric stretch 
RON02 6*10 + 0*05 7-82 + 0*04 
CH3N02 6*38 7*26 
R2CC1N02 6*39 7*45 
RCH2N02 6*42 + 0*03 7-27 + 0*04 
R2CHN02 6*45 + 0*02 7*30 + 0*06 
R3CN02 6*49 + 0*02 7*41 + 0*04 
ArN02 6*55 + 0*08 7*42 + 0*06 
Normally the symmetrical C-H bending v i b r a t i o n of C-methyl groups 
and the symmetrical N02 stretching vibrations of the simple nitroalkanes 
would both give bands at 7*25fJ . However, when methyl and n i t r o groups ar 
bonded to the same carbon atom, s p l i t t i n g rather than coincidence of the 
bands i s observed. I n compounds containing the CH.j-C-N02 structure, the 
observed bands l i e near 7*17 and 7*3 P . 
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Al.1.(c) Organic Nitroso compounds 
The infrared spectra of nitroso compounds are made complex by 
isomerisation and dimerisation. There i s quite a si g n i f i c a n t difference 
between the N=0 stretching wavelength region for aromatic nitroso compounds 
(6*61 to 6*72 /J ) and aliph a t i c nitroso compounds (6*17 to 6*50 
The characteristic wavelengths were assigned on the detailed comparison of 
wavelengths of the nitroso compound and a product i n which the N=0 group 
had been removed. 
The infrared spectra of oximes are easy to d i f f e r e n t i a t e from those of 
139 
nitroso compounds due to the appearance of the typical absorptions: 
Strong 0-H stretching band near 3*0 ^  
Weak/medium C=N stretch 6*0 - 6*1 / i 
Strong N-0 stretch 10'3 - 10*8 n 
Al.2. Infrared spectra of the addition compounds 
The infrared spectra were recorded on a Spectromaster instrument using 
a contact f i l m for liq u i d s and a Nujol mull or potassium bromide disc for 
solids. The outstanding feature of the spectrum of the product of the 
addition to 3-chloro-2-methylpropene was the appearance of two prominent 
peaks at 6*09 and 6*42 \x . These peaks are characteristic of n i t r o s o - n i t r i t e s 
and equivalent peaks were observed i n a l l the addition products of olefins. 
The position of the characteristic peaks are shown i n Table A1.5. 
- 1 4 8 -
Table A 1 . 5 . 
Position of characteristic peaks i n infrared spectra 
of addition compounds 
Olefin Peaks </!> 
3-chloro-2-methylpropene 6 * 0 9 6 * 4 2 
3-chloropropene 6 - 0 9 6 * 4 2 
propene 6 * 1 0 6 - 4 3 
2-methylpropene 6 * 0 8 6 - 4 1 
2-methyl-2-butene 6 * 1 3 6 * 4 7 
2 ,3-dimethyl -2-butene 6 * 1 1 6 * 4 5 
2 , 4 , 4-trimethyl - 2-pentene 6 * 1 1 6 «45 
This lack of varia t i o n of absorption wavelength on changing the structure 
of the o l e f i n i s consistent with a similar observation with regard to the 
1 3 4 
stretching v i b r a t i o n i n organic n i t r i t e s . The absorptions can be 
assigned as follows: 
1 3 4 
6 * 1 0 + 0 ' 0 3 / J - N = 0 stretching v i b r a t i o n i n a trans n i t r i t e , consistent 
with the observation that t e r t i a r y n i t r i t e s are trans. 
1 4 0 1 4 1 
6 ' 4 4 + 0*03 / J - N = 0 stretching v i b r a t i o n i n a nitroso group ' . which i 
the same as that observed i n the products of the addition of dinitrogen -. ^ . 48 tetroxide to olefins. 
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The infrared spectrum of the addition compound ( I ) of nitrous acid 
and 3-chloro-2-methylpropene i s consistent with i t s assignment as a nitroso 
n i t r i t e , with the hint of some isomerisation to the oxime. The spectrum, 
however, did not change s i g n i f i c a n t l y with the change of colour from blue 
to yellow on standing. The bands which are present i n I and not i n 3-
chloro-2-methylpropene can be assigned as shown i n Table Al.6. 
Table A1.6. 
Assignment of bands i n infrared spectrum of I 
Band (AO Assignment 
• 2 "84 (weak) v(O-H) i n oxime 
6-03 (weak) v(C=N) i n oxime 
6-09 v(N=0) i n trans n i t r i t e 
6-42 v(N=0) i n nitroso group 
10*6 (weak) v(N-O) i n oxime 
11-16 v(C-N) i n nitroso group 
12-00 v(N-O) i n n i t r i t e 
14-60 v(O-N-O) bend i n n i t r i t e 
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Some of the addition reactions produced a solid and a l i q u i d . The 
soli d compounds were t y p i f i e d by a peak near 6'4/uin the infrared spectrum 
and no peak near 6«10/J . The position of the peak near 6*4^ i n the s o l i d 
compound was not s i g n i f i c a n t l y changed from the position i n the equivalent 
l i q u i d product. 
Al.3. Infrared Spectra 
Spectrum No.1. Blue o i l I from 3-chloro-2-methylpropene and nitrous acid 
(contact f i l m ) . 
Spectrum No.2. White solid IV from 3-chloropropene and nitrous acid 
(potassium bromide disc). 
Spectrum No.3. Green o i l V from 3-chloropropene and nitrous acid (contact 
f i l m ) . 
Spectrum No.4. White so l i d IV from 3-chloropropene and dinitrogen t r i o x i d e 
(potassium bromide disc). 
Spectrum No.5. 3-chloro-2-hydroxy-2-methylpropionic acid (potassium 
bromide disc). 
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Mass s p e c t r a of the a d d i t i o n compounds of 
n i t r o u s a c i d and o l e f i n s 
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A2.1. Mass S p e c t r a of Organic N i t r o s o , N i t r o and N i t r i t o Compounds 
A2.1.(a) N i t r o s o Compounds 
Very l i t t l e information i s a v a i l a b l e i n the l i t e r a t u r e concerning 
mass s p e c t r a of a l i p h a t i c n i t r o s o compounds. The mass spectrum of the 
99 
dimer of n i t r o s o methane has been i n v e s t i g a t e d . The most c h a r a c t e r i s t i c 
t r a i t of the mass spectrum i s the strong peak a t mass 90 (11% of mass 30 
peak), corresponding to the dimer. The i o n a t mass 45 i s much more 
abundant (70% of mass 30 peak). T h i s corresponds to the monomer of n i t r o s o 
methane, which may have been formed i n the i o n i s a t i o n chamber. A peak 
appears a t mass 60 ( 5 % ) which was shown to be due to (CH^^NO*. T h i s 
i n d i c a t e s the s t r u c t u r e of the dimer cannot be 
CH 3 N = N CH 3 
0 0 
The peak a t mass 30 i s , however, the base peak and t h i s corresponds to N0 +. 
Aromatic n i t r o s o compounds have been r a t h e r more widely d i s c u s s e d i n 
99 142 
the l i t e r a t u r e . ' The mass spectrum of n i t r o s o benzene e x h i b i t s a 
prominent molecular ion ( 1 4 % ) which fragments by s u c c e s s i v e l o s s of NO* 
( t o M77, 100%) and C ^ ( t o M51, 9 3 % ) , as i n d i c a t e d by a p p r o p r i a t e 
m e tastable i o n s . The f a c i l e l o s s of a n i t r o s o r a d i c a l i s a general f e a t u r e 
of a l l the aromatic C - n i t r o s o compounds s t u d i e d , and may be compared with the 
143 
e x p u l s i o n of N0£ from nitrobenzene upon e l e c t r o n impact. 
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A2.1.(b) N i t r o compounds 
I n c o n t r a s t to n i t r o s o compounds the mass s p e c t r a of a l i p h a t i c n i t r o 
144 145 146 
compounds have been q u i t e widely s t u d i e d . J ' The mass s p e c t r a of 
a l i p h a t i c n i t r o compounds appear to f a l l i n t o three c a t e g o r i e s : 
i ) that of nitromethane, which i s unique 
i i ) that of primary a l i p h a t i c n i t r o compounds, which show a q u i t e wide 
v a r i e t y of behaviour due to change of c h a i n l e n g t h , 
i i i ) that of t e r t i a r y a l i p h a t i c n i t r o compounds, which show q u i t e 
d i f f e r e n t behaviour from the other two c a t e g o r i e s . 
I n general i s o m e r i s a t i o n of the n i t r o compounds to the corresponding n i t r i t e s 
i s not s i g n i f i c a n t , i n c o n t r a s t to the behaviour of aromatic n i t r o compounds. 
The spectrum of nitromethane i s r e l a t i v e l y simple. An abundant 
+ + + 
molecular i o n i s accompanied by CH^ , HO^ and NO i o n s r e p r e s e n t i n g the 
most important daughter s p e c i e s , w h i l e l o s s of an oxygen atom to give 
CH.jNO*((m/e) 4 5) i s of minor importance. The molecular i o n i s of low 
i n t e n s i t y for n i t r o e t h a n e and becomes i n d i s c e r n i b l e i n the s p e c t r a of the 
higher n i t r o a l k a n e s . a-Cleavage of the hydrocarbon c h a i n , which i s an 
important f e a t u r e with a l k y l n i t r i t e s , i s e s s e n t i a l l y absent i n the ca s e 
of n i t r o compounds. The observed mass s p e c t r a of i s o m e r i c n i t r o a l k a n e s 
a r e g e n e r a l l y q u i t e s i m i l a r and d i f f e r only i n the r e l a t i v e abundance of 
some fragment i o n s . 
The NC^ "*" i o n i s of low abundance from n i t r o e t h a n e onwards and the N0 + 
i o n d e c l i n e s g r a d u a l l y i n i t s importance w i t h i n c r e a s i n g molecular weight. 
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The l o s s of an NO ' r a d i c a l to y i e l d the a ppropriate C L , , i o n i s a 2 n 2n + 1 
prominent process and can be of d i a g n o s t i c u t i l i t y except f o r higher a l k y l 
ionswhich a r e very prone to fragment f u r t h e r , e s p e c i a l l y to the very s t a b l e 
C.j and fragments. 
One v e r y i n t e r e s t i n g f e a t u r e of the mass s p e c t r a of n i t r o a l k a n e s i s 
the occurrence of oxygen-free CHN fragments. They s t a r t f o r m a l l y w i t h HCN, 
but higher homologues can a l s o be observed (e.g. CH^CN, M41). 
The s p e c t r a of s e v e r a l t e r t i a r y n i t r o a l k a n e s have been examined. The 
main f e a t u r e i s the l o s s of HNO2 g i v i n g r i s e to the h i g h e s t d i s c e r n i b l e 
peak i n the v a r i o u s s p e c t r a . The subsequent fragmentation p a t t e r n corresponds 
to the combination of the decomposition modes of the p o s s i b l e o l e f i n s , 
w i t h the exception of an abundant N0 + i o n and a small amount of CH2CN+ 
(m/e 4 1 ) . 
A2.1.(c) A l i p h a t i c N i t r i t e s 
The mass s p e c t r a of simple a l i p h a t i c n i t r i t e s have been s t u d i e d very 
147 
thoroughly. One of the most c h a r a c t e r i c f e a t u r e s of these mass s p e c t r a 
i s the l a r g e abundance of N0 + (M30). The parent molecular i o n i s v e r y 
weak from e t h y l n i t r i t e upwards, due to the weakness of the RO-NO bond, 
known from t h e r m o l y s i s and p h o t o l y s i s s t u d i e s , a - f i s s i o n to give Cl^ONO 
i s s i g n i f i c a n t i n normal a l k y l n i t r i t e s , but not i n branched c h a i n n i t r i t e s . 
Molecular rearrangement i s v i r t u a l l y unknown i n a l k y l n i t r i t e s , as shown 
by the appearance of the fragment CI^ONO only i n the molecules which are 
a b l e to y i e l d i t by a - f i s s i o n . Thus i n normal and i s o propyl n i t r i t e s 
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the f o l l o w i n g peaks a r e observed: M60 (CI^ONO) important i n n-C^ H.^ ONO 
but n e g l i g i b l e i n i-C^ONO, whereas M74 (C^CHONO) i s important f o r 
i-C 3H ?ONO and (CH 2CH 2ONO) i s n e g l i g i b l e for n-C^ONO. 
The d i f f e r e n t behaviour of the n i t r i t e s on e l e c t r o n bombardment due 
to changes of the carbon c h a i n a r e best seen i n the case of the b u t y l 
n i t r i t e s . Normal and i s o b u t y l n i t r i t e s show s i g n i f i c a n t peaks a t M60 due 
to Cl^ONO and then strong hydrocarbon peaks i n the reg i o n of M43 and M29. 
Secondary b u t y l n i t r i t e has a peak a t M74, due to l o s s of the 
fragment, no peak a t M60 and strong hydrocarbon peaks a t M57, M43 and M29. 
T e r t i a r y b u t y l n i t r i t e has a peak a t M88, due to l o s s of a CH 3 fragment and 
strong hydrocarbon peaks as above. A l l the n i t r i t e s show a very strong 
peak a t M30 ( N 0 + ) . 
Changes i n mass s p e c t r a due to a l t e r a t i o n of the carbon c h a i n a r e 
ve r y pronounced. Thus i t i s very d i f f i c u l t to d i f f e r e n t i a t e between n i t r o 
and n i t r i t o compounds. The peak a t mass 31 appears i n the s p e c t r a of 
148 
n i t r i t o compounds and not i n those of n i t r o compounds. T h i s peak, to 
which the assignment of e i t h e r the rearrangement peak CH 30 or NOH can be 
given, i s thus a f a i r l y good c h a r a c t e r i s t i c of n i t r i t e e s t e r s . 
A2.2. Mass s p e c t r a of the a d d i t i o n compounds 
A2.2.(a) 3 - c h l o r o - 2 - m e t h y l - 2 - n i t r i t o - l - n i t r o s o p r o p a n e 
The spectrum was recorded a t 70 eV. The base peak, was M30 ( N 0 + ) 
and no molecular i o n peak was present. The h i g h e s t mass peak occurred a t 
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M90/92 (P-N,0 ; 21%:7%). The peaks a re shown i n Table A2.1. 
Table A2.1. 
M Composition 
90/92 P-N 20 3; 21% : 7% 
89/91 P-HN203; 27% : 9% 
75/77 P-CH 3N 20 3; 9% ; 3% 
55 P-C1N 20 3; 60% 
41 P-CH 2C1N 20 3; 29% 
39 P-CH.ClN„0 o; 44% 4 2 3 
30 NO; 100% 
27 P-C 2H 4C1N 20 3; 40% 
The fragmentation i s represented i n Scheme A2.1. 
A2.2.(b) 3 - c h l o r o - 2 - n i t r o s o - n i t r i t o p r o p a n e 
The base peak was M30 (N 0 + ) and no m o l e c u l a r - i o n peak was p r e s e n t . 
The most i n t e n s e peak occurred a t M75/77 (P-HN 20 3) w h i l s t the h i g h e s t mass 
peak was M106/108 (P-N0 2>. Other prominent peaks were M49/51 ( C H ^ l ) , M40 
(P-HClN o0,) and M27 (P-CH 0C1N„0,). 
A2.2.(c) The a d d i t i o n compound of d i n i t r o g e n t r i o x i d e and 2-methylpropene 
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The base peak was M28 (C2H4) and there was no m o l e c u l a r - i o n peak. The 
f o l l o w i n g peaks were a l s o present i n the mass spectrum a t M101 (P-HNO), 
M86 ( F - N 0 2 ) , M55 ( P - h N ^ ) and M40 ( P - C H ^ N ^ ) . 
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A2.2.(d). The a d d i t i o n compound of d i n i t r o g e n t r i o x i d e with propene 
Once more the l i q u i d and s o l i d products had the same mass spectrum. 
The base peak occurred a t M28 (C 2H^) and there was no m o l e c u l a r - i o n peak. 
The other prominent peaks present were at M104 (P-CH 2), M87 (P-HNO), M58 
(P-CH 2N0 2), M41 (P-HN 20 3) and M28 ( P -CH 2N 20 3). 
D i s c u s s i o n 
The peak common to a l l the mass s p e c t r a i s that a t mass 30, 
corresponding to NO. I t i s more s i g n i f i c a n t for the c h l o r i n a t e d o l e f i n s , 
where i t becomes the base peak. The peak a t mass 31, which i s c h a r a c t e r i s t i c 
for the mass s p e c t r a of n i t r i t e e s t e r s , i s present i n a l l the mass s p e c t r a 
of the a d d i t i o n compounds. 
A molecular i o n peak was never observed f o r any of the a d d i t i o n 
compounds and i n general the h i g h e s t mass peak observed was t h a t 
corresponding to the hydrocarbon c h a i n . T y p i c a l hydrocarbon fragmentation 
was observed. T h i s was p a r t i c u l a r l y obvious i n the mass s p e c t r a of the 
c h l o r i n a t e d compounds. 
Appendix 3. 
K i n e t i c A n a l y s i s of mixed f i r s t and second order r e a c t i o n s 
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I n the d i a z o t i s a t i o n of aromatic amines concurrent f i r s t and 
second order p r o c e s s e s were i d e n t i f i e d a t in t e r m e d i a t e a c i d i t y but i t was 
p o s s i b l e study n i t r o s a t i o n by j u s t one of the pro c e s s e s by s u i t a b l y 
changing the experimental c o n d i t i o n s . Thus, by studying an aromatic amine 
of much lower b a s i c i t y than a n i l i n e a t inter m e d i a t e a c i d i t y i n the 
presence of a low c o n c e n t r a t i o n of molecular n i t r o u s a c i d , n i t r o s a t i o n was 
40 
shown to be a pure f i r s t order p r o c e s s . 
I n the n i t r o s a t i o n of 2,3-dimethyl-2-butene a s i m i l a r procedure was 
used but there s t i l l e x i s t e d a range of a c i d i t y w i t h i n which n i t r o s a t i o n 
was a mixed f i r s t and second order process with r e s p e c t to n i t r o u s a c i d . 
With 2-methyl-2-butene, however, only a pure second order process was 
observed a t v e r y low a c i d i t y alongwith a n o n - i n t e g r a l order as the a c i d i t y 
was i n c r e a s e d to O'lM p e r c h l o r i c a c i d . 
Evidence f o r n o n - i n t e g r a l order behaviour was obtained from f i r s t and 
second order r a t e p l o t s , n e i t h e r of which was a s t r a i g h t l i n e . A l s o , 
observed f i r s t order r a t e c o n s t a n t s tended to decrease as the run progressed, 
w h i l s t second order r a t e c o n s t a n t s would i n c r e a s e . Fig.A3.01 shows the 
f i r s t and second order r a t e p l o t s f o r the n i t r o s a t i o n of 2,3-dimethyI-2-
-4 
butene a t 4*28 x 10 M p e r c h l o r i c a c i d , w h i l s t Table A3.1 shows the 
v a r i a t i o n of the observed f i r s t and second order r a t e c o e f f i c i e n t s as the 
r e a c t i o n progresses i n the n i t r o s a t i o n of 2-methyl-2-butene i n 0*031M 
p e r c h l o r i c a c i d . 
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Table A3.1. 
F i r s t and second order r a t e c o e f f i c i e n t s f o r 
n i t r o s a t i o n of 2-methyl-2-butene 
Time 
(mins) 
O p t i c a l 
D e n s i t y 
— 2 - 1 k^ x 10 (min ) k 2 x 10 2 ( 1 m~ 1min~ 1) 
0*00 0*326 - -
1*00 0*293 10*61 1-24 
2*00 0*255 12*27 1*53 
4*00 0*197 12*58 1*79 
6*00 0*169 10*94 1*70 
9*00 0*128 10*38 1*89 
13*00 0*105 8*71 1*78 
21*00 0*066 7*61 2*06 
34*00 0*037 6*40 2*51 
50*00 0*024 5*22 2*77 
[I-IClO^] = 0-031M; [ O l e f i n ] = 0'036M; [11N02] = 1 x 10 N 
Temperature = 0°C. 
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I f we c o n s i d e r a general r e a c t i o n system i n which a r e a c t a n t A can 




A + A > products 
149 
then the r a t e i s given by the d i f f e r e n t i a l e x p r e s s i o n 
^ = k . ( a - x ) + k 0 ( a - x ) A3.01. dt 1 i-
E x p r e s s i o n A3.01 can be i n t e g r a t e d : 
k , = k. + k- .- A3.02. obs 1 2 t 
where k , = — I n I — — ). the observed f i r s t order r a t e c onstant, and I = obs t V a-x J' 
! ( a - x ) d t , which can be obtained by measuring the a r e a under a c o n c e n t r a t i o n -
time curve. The a r e a was determined u s i n g a p l i n i m e t e r and a l s o by counting 
squares, and no s i g n i f i c a n t d i f f e r e n c e i n the r e s u l t s was observed, k^ and 
k 2 were obtained by p l o t t i n g k o ^ g a g a i n s t 
_4 
For run 11 a t 33*3 x 10 M p e r c h l o r i c a c i d the a r e a was estimated by 
counting squares. The data obtained are c o l l e c t e d i n Table A3.2 and a r e 
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shown i n Fig.A3.02. The p l o t obtained was not a very good s t r a i g h t l i n e 
so the s l o p e and i n t e r c e p t were determined by l e a s t squares a n a l y s i s . 
A l t e r n a t i v e l y , equation A3.01 may be t r e a t e d i n i t s d i f f e r e n t i a l form: 
dx 
/ d t s - k. + k - ( a - x ) A3.03, U - l z 
^ dx A p l o t of dt a g a i n s t ( a - x ) w i l l y i e l d v a l u e s of k. and k_. - r — i s the 7 V i Z dt 
( a - x ) 
slope of the tangent on the concentration-time curve a t a p a r t i c u l a r v a l u e 
of ( a - x ) . The slope of the tangent was measured using a tangentimeter, 
b u i l t to the s p e c i f i c a t i o n s of Simons.'''^ The r e s u l t s obtained for the 
_4 
n i t r o s a t i o n of 2,3-dimethyl-2-butene i n 2«14 x 10 M p e r c h l o r i c a c i d a r e 
shown i n Table A3.3. Once more the slope and i n t e r c e p t were determined 
by l e a s t squares a n a l y s i s of the data. 
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Table A3.2. 
Mixed f i r s t and second order treatment of Run 11. 
Time 
(mins) l(squares) — (squares min ; 
(a-x) 
(O.D.) 
o _1 k , x 10 J (min ) obs 
0*00 - - 0*708 -
30 36-90 1*23 0*527 9*83 
40 45*94 1*15 0*480 9*71 
50 55'10 1*10 0*440 9*51 
60 63*42 1*06 0*405 9*31 
70 71*21 1*02 0*375 9*08 
80 78*44 0*98 0*350 8*81 
90 85*14 0*95 0*323 8*72 
100 91*34 0*91 0*300 8*59 
120 102*34 0*85 0*255 8*51 
140 111*72 0*80 0*215 8*51 
160 119*74 0*75 0*187 8*32 
180 126*74 0*70 0*165 8*09 
200 132*88 0*66 0*145 7*93 
220 138*62 0*63 0*125 7*88 
-4 -4 o [HC104] = 33*3 x 10 M; [NaN02] = 2 x 10 N; Temperature = 0 C 
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Table A3.3. 
Mixed f i r s t and second order treatment of the nitrosation 
-4 
2,3-diemthyl-2-butene i n 2*14 x 10 M perchloric acid 
^ (O.D. h r " 1 ) 
dx 
dt , u -1^ (a-x) 
0*0100 0*029 0*350 
0*0089 0*027 0*325 
0*0076 0*025 0*300 
0*0068 0*025 0*275 
0*0061 0*024 0*250 
0*0054 0*024 0*225 
0*0043 0*022 0*200 
0*0031 0*018 0*175 
0*0023 0*016 0*150 
0*0019 0*015 0*125 
0*0014 0*014 0*100 
0*0008 0*010 0*075 
0*0003 0*006 0*050 
Temperature = 0°C; [NaN02] = 1 x -4 10 N 
Bibliography 
-164-
1. G.N. Lewis, J . Franklin I n s t . , 226, 293 (1938). 
2. C.K. Ingold, "Structure and Mechanism i n Organic Chemistry", 
( B e l l , 1953). 
3. W. Markownikoff, Annalen, 153, 256 (1870). 
4. M.S. Kharasch and J.A. Hinckley, J . Am. Chem. Soc. , 56, 1212 (1934). 
5. A.L. Henne and S. Kaye, J . Am. Chem. Soc., 72, 3369 (1950). 
6. A. Michael, Ber., 39, 2138 (1906). 
7. A. Michael and V.L. Leighton, Ber., 39, 2157 (1906). 
8. M.S. Kharasch and F.R. Mayo, J . Am. Chem. Soc., 55, 2468 (1933). 
9. H. Bodot and J . J u l l i e n , B u l l . soc. chim. France, 1488 (1962). 
10. P.B. de l a Mare and R. Bolton, E l e c t r o p h i l i c Additions to Unsaturated 
Systems ( E l s e v i e r , 1966) p.26. 
11. P.B. de l a Mare and R. Bolton, E l e c t r o p h i l i c Additions to Unsaturated 
Systems ( E l s e v i e r , 1966) p.84. 
12. J . Meinwald, Y.C. Meinwald and T.N. Baker, J . Am. Chem. Soc., 86, 
40 74 (1964). 
13. M.J.S. Dewar and R.C. Fahey, Ang. Chem. (internat. Ed.), 3, 245 (1964). 
14. F.C, Whitmore and F, Johnston, J . Am. Chem. Soc., 55, 5020 (1933). 
15. J.W. Francis, J . Am. Chem. Soc., 47, 2340 (1925). 
16. P.D. B a r t l e t t and D»S. Tarbell, J . Am. Chem. Soc. , 58, 466 (1936). 
17. R.A. Ogg, J . Am. Chem. Soc., 57, 2727 (1935). 
18. I . Roberts and G.E. Kimball, J . Am. Chem. Soc., 59, 947 (1937). 
19. M.J.S. Dewar, J . Chem. Soc., 406 (1946). 
-165-
20. M.J.S. Dewar and A.P. Marchand, Ann. Rev. Phys. Chem., 16, 321 (1965) 
21. M.J.S. Dewar, B u l l . soc. chim. France, 18, 71 (1951). 
22. P. Reisz, R.W. Taft and R.H. Boyd, J . Am. Chem. S o c , 79, 3724 (1957) 
23. S.J. Tauber and A.M. Eastham, J . Am. Chem. Soc., 82, 4888 (1960). 
24. E.L. Purlee and R.W. Taft, J . Am. Chem. Soc., 78, 5807 (1956). 
25. R.W. Taft, J . Am. Chem. Soc., 74, 5372 (1952). 
26. J.H. Ridd, Quart. Rev., 15, 418 (1961). 
27. H. Schmid and C. E s s l e r , Monatsh, 90, 222 (1959). 
28. A.T. Austin, Science Progr., 49, 619 (1961). 
29. T.A. Turney and G.A. Wright, Chem. Rev., 59, 497 (1959). 
30. C.A. Bunton, E.D. Hughes and C.K. Ingold, J . Chem. Soc., 2628 (1950). 
31. E.D. Hughes, C.K. Ingold and J.H. Ridd, J . Chem. S o c , 58 (1958). 
32. K. Singer and P.A. Vamplew, J . Chem. Soc. , 3971 (1956). 
33. T.A. Turney and G.A. Wright, J . Chem. Soc., 2415 (1958). 
34. C.A. Bunton and G. Stedman, J . Chem. Soc., 2440 (1958). 
35. W.R. Angus and A.H. Leckie, Proc. Roy. Soc., A150, 615 (1935). 
36. N.S. Ba y l i s s and D.W. Watts, Aus. J . Chem., 9, 319 (1956). 
37. N.S. B a y l i s s , R. Dingle, D.W. Watts and R.J. Wilkie, Aus. J . Chem., 
16, 933 (1963). 
38. H. Schmid and A. Maschka, Z. phys. Chem., B49, 171 (1941). 
39. E.D. Hughes, C.K. Ingold and J.H. Ridd, J . Chem. Soc.. 65 (1958). 
40. E.D. Hughes, C.K. Ingold and J.H. Ridd, J . Chem. Soc. , 77 (1958). 
41. E.D. Hughes and J.H. Ridd, J . Chem. Soc., 82 (1958). 
-166-
42. C.A. Bunton, D.R. Llewellyn and G. Stedman, J . Chera. Soc., 568 (1959). 
43. L.F. Larkworthy, J . Chem. Soc. , 3116, 3304 (1959). 
44. E.D. Hughes, C.K. Ingold and J.H. Ridd, J . Chem. Soc. , 88 (1958). 
45. B.C. C h a l l i s and J.H. Ridd, J . Chem. Soc., 5208 (1962). 
46. B.C. C h a l l i s and J.H. Ridd, Proc. Chem. Soc. , 245 (1960). 
47. B.C. C h a l l i s , L.F. Larkworthy and J.H. Ridd, J . Chem. Soc., 5203 (1962). 
48. E.F. Schoenbrunn and J.H. Gardner, J . Am. Chem. Soc., 82, 4905 (1960). 
49. C.K. Ingold and E.H. Ingold, Nature, 159, 743 (1947). 
50. T.R. Govindachari and B.R. Pai, J . Org. Chem., 18, 1253 (1953). 
51. T. Beier, H.G. Hauthal and W. Pritzkow, J . Prakt. Chem., 4, 304 (1964). 
52. N. Levy, C.W. Scaife and A.E. Wilder-Smith, J . Chem. Soc., 54 (1948). 
53. H. Shechter, Record Chem. Progr., 25, 55 (1964). 
54. L. Parts and J.T. M i l l e r , A.C.S. Abs. Papers, 150, 55 (1965). 
55. B.F. Ustavschikov, V.A. Podgornova and M.I. Faberov, Dokl. Akad. Nauk 
SSSR, 168, 1335 (1966). 
56. B.F. Ustavschikov, V.A. Podgornova, N.V. Dormidontova and M.I. Faberov, 
Dokl. Akad. Nauk SSSR, 157, 143 (1964). 
57. H. Shechter and D.E. Ley, Chem. Ind., 535 (1955). 
58. A. Michael and G.H. Carlson, J . Org. Chem., 4, 169 (1939). 
59. J . Mason, J . Chem. Soc., 1288 (1959). 
60. L. D'Or and P. Tarte, B u l l . Soc, Roy. S c i . Liege, 22. 276 (1953). 
61. L.O. Anderson and J . Mason, Chem. Comm., 99 (1968). 
62. C. Belzecki, B u l l . L'Acad. Pol. Sciences, XI, 129 (1963). 
-167-
63. N. Levy and C.W. Scaife, J . Chem. S o c , 1093 (1946). 
64. ' T. Wieland and D. Grimm, Chem. Ber., 96, 275 (1963). 
65. T.E. Stevsn and W.D. Emmons, J . Am. Chem. Soc. , 79, 6008 (1957). 
66. T.E. Stevens, J . Org. Chem., 24, 1136 (1959). 
67. B. Brossard, M. Gay and R. Janin, Chem. Abs., 67, 63815 (1967). 
68. R.C. Fahey,Topics i n Stereochemistry, 3, 237 (1968). 
69. L . J. Beckham, W.A. Fess l e r and M.A. Kise, Chem. Rev., 48, 319 (1951). 
70. K.A. Oglobin and D.M. Kunovskaya, Zh. Organ. Khim., 1, 1713 (1965) 
and e a r l i e r papers. 
71. W.A. Tilden, J . Chem. Soc., 28, 514 (1875). 
72. M. Tuot, Compt. Rend., 204, 697 (1937). 
73. N. Thome, J . Chem. Soc. , 4271 (1956). 
74. J.A.A. Ketelaar and K.J. Palmer, J . Amer. Chem. Soc., 59, 2629 (1937). 
75. A. Ya. Yakubovich and A.L. Lemke, J . Gen. Chem., 19, 649 (1949). 
76. K.A. Oglobin and V.P. Semenov, Zh. Organ. Chim., 1, 401 (1965). 
77. N. Thorne, J . Chem. Soc., 2587 (1956). 
78. S.N. Danilov and K.A. Oglobin, J . Gen. Chem., 22, 2167 (1952). 
79. L. Kaplan, P. Kwart and P. von R. Schleyer, J . Am. Chem. Soc., 82, 
2345 (1960). 
80. M. Ohno, M. Okamoto and M. Naruse, Tetr. L e t t s . , 24, 1971 (1965). 
81. M. Ohno, M. Okamoto and K. Nukoda, Tetr. L e t t s . , 24, 4047 (1965). 
82. D.G. Boiler and G.H. Whitfield, J . Chem. Soc., 2773 (1964). 
83. H.C. Hamann and D. Swern, Tetr. L e t t s . , 3303 (1966). 
84. H.C. Hamann and D. Swern, J . Am. Chem. Soc., 90, 6481 (1968). 
-168-
85. E.C. Kooyman, E. Farenhorst and E.G.G. Werner, Rec. Trav. Chim., 
70, 689 (1951). 
86. G.F. Bloomfield, E.H. Farmer and C.G.B. Hose, J . Chem. Soc., 800 (1933). 
87. H.T.J. Chilton and B.G. Gowenlock, J . Chem. Soc., 3174 (1954). 
88. R.W. Johnson and J . S t i e g l i t z , J . Am. Chem. Soc., 56, 1904 (1934). 
89. J . De Boer and J.C. Van Velzen, Rec. Trav. Chim., 86, 107 (1967). 
90. R.B. Cundall and A.W. Locke, J . Chem. Soc.(B), 98 (1968). 
91. A.S. Ornishchenko, B u l l . acad. s c i . U.R.S.S., Classe s c i . nat., Ser. 
chim., 209 (1937). 
92. F.P. Boer and J.W. Turley, J . Am. Chem. Soc. , 90, 1371 (1969). 
93. J.G. Pritchard and P.B.D. de l a Mare, J . Chem. Soc., 3910 (1954). 
94. P.B.D. de l a Mare, P.G. Naylor and D.L.H. Williams, Chem. Ind., 1020 
(1959). 
95. B.G. Gowenlock and W. Luttke, Quart. Rev., 12, 321 (1958). 
96. G. C o l l i n , R. Hoehn, H.G. Hauthal, H. Huebner, W. Pritzkow, W. Rolle, 
H. Schaefer and M. Wahren, Justus Liebigs Ann. Chem., 702, 55 (1967). 
97. B.G. Gowenlock, J . Trotman and L. Batt, Chem. Soc., Spec. Pub., 
10, 75 (1957). 
98. A. Mackor, Th. A.J.W. Wajer and Th. J . de Boer, Tetr. L e t t s . , 2757 
(1967). 
99. J . C o l l i n , B u l l . Soc. Roy. S c i . Liege, 23, 201 (1954). 
100. M. Van Merssche and G. Leroy, B u l l . Soc. Chim Beiges., 69, 492 (1960). 
101. W. Luttke, Angew. Chem., 68. 417 (1956); 69, 99 (1957). 
-169-
102. W. Luttke, Z. Electrochem., 61, 976 (1957). 
103. B e i l s t e i n , 3, 317. 
104. A.I. Vogel, P r a c t i c a l Organic Chemistry. 
(a) p.363. 
(b) p.932. 
105. R. Inoue, J . Soc. Chem. Ind., Japan, 45, 147 (1942). 
106. P.B. D. de l a Mare, A.D. Kettey and C.A. Vernon, J . Chem. Soc., 
1290 (1954). 
107. Comprehensive Analytical Chemistry, 1 , p.414. 
108. Y. Knobler and M. Weiss,Experientia, 14, 332 (1958). 
109. A. Kurtenacker and J . Wagner, Z. anorg. allgem. Chem., 120, 261 (1922). 
110. P.W. Clutterbuck and F. Reuter, J . Chem. Soc., 1467 (1935). 
111. Comprehensive Analytical Chemistry, 1 , p.669. 
112. E. Eegrive, Z. anal, chem., 110, 22 (1937). 
113. W.E.A. Mitchell and E. Pe r c i v a l , J^ Chem. Soc., 1423 (1954). 
114. E. Baer, Biochem. Prep., 2, 25 (1952). 
115. B e i l s t e i n , 3, 286. 
116. P.I. Protsenko and V.B. Stradomsky, Zhur. Obshchei Khim., 25, 1043 (1955). 
117. T.A. Turney, J . Chem. Soc., 4263 (1960). 
118. J.E. Dubois and G. Mouvier, C.R. Acad. S c i . , 259, 2101 (1964) 
119. W,C, Bray. Chem. Rev.. 10, 161 (1932). 
120. N.S. B a y l i s s and D.W. Watts, Aus. J . Chem., 16, 927 (1963). 
121. M.A. Paul and F.A. Long, Chem. Revs., 57, 1 (1957). 
-170-
122. B.C. C h a l l i s and J.H. Ridd, J . Chem. Soc., 5197 (1962). 
123. E. K a l a t z i s , J . Chem. Soc.(B), 277 (1967). 
124. E.B. Robertson and H.B. Dunford, J . Am. Chem. Soc., 86, 5080 (1964). 
125. B.C. C h a l l i s , Ph.D. Thesis, London, 1960. 
126. F.A. Long and M.A. Paul, Chem. Revs., 57, 935 (1957). 
127. B.C. C h a l l i s and J.H. Ridd, Proc. Chem. Soc., 173 (1961). 
128. H. Schmid, Monatsh., 88, 631 (1957). 
129. H. Schmid and E~. Hallaba, Monatsh., 87, 568 (1956). 
130. J.E. Dubois and E. Goetz, Tetr. L e t t s . , 303 (1965). 
131. M.L. Poutsma, J . Am. Chem. Soc., 87, 4285 (1965). 
132. C.A. Bunton, E.A. Halevi and D.R. Llewellyn, J . Chem. Soc., 4913 (1952). 
133. L . J . Bellamy and R.L. Williams, J . Chem. Soc., 863 (1957). 
134. R.N. Haseldine and B.J.H. Mattinson, J . Chem. Soc., 4172 (1955). 
135. R.N. Haseldine and J . Jander, J . Chem. Soc., 691 (1954). 
136. P. Gray and M.J. Pearson, Trans. Far. Soc., 59, 347 (1963). 
137. R.A.G. Carrington, Spectrochim. Acta, 16, 1279 (1960). 
138. D.C. Smith, C.Y. Pan and J.R. Nielsen, J . Chem. Phys., 18, 706 (1950). 
139. J.F. Brown, J . Am. Chem. Soc. , 77, 6341 (1955). 
140. W. Luttke, Z. Electrochem., 61, 302 (1957). 
141. P. Tarte, B u l l . soc. chim. Beiges., 63, 525 (1954). 
142. G. Sc h r o l l , R.G. Cooks, P. Klemmensen and S 0. Lawesson, Ark. Kemi, 
28, 413 (1967). 
143. J . Momigry, B u l l . Soc. Roy. S c i . Liege, 25, 93 (1956). 
-171-
144. J . C o l l i n , B u l l . Soc. Roy. S c i . Liege, 23, 194 (1954). 
145. N.M.M. Nibbering, Th. J.de Boer and H.J. Hofman, Rec. Trav. Chim., 
84, 481 (1965). 
146. R.T. Alpin, M. Fischer, D. Becher, H. Budzikiewicz and C. Dj e r a s s i , 
J . Am. Chem. Soc. , 87, 4888 (1965). 
147. L. D'Or and J . C o l l i n , B u l l . Soc. Roy. S c i . Liege, 22, 285 (1953). 
148. R. Boschan and S.R. Smith, U.S. Government Research Reports, 
31, 201 (1959). 
149. F.F. Musgrave and C.N. Hinshelwood, Proc. Roy. Soc., A135, 23 (1932). 
150. H.P. Simons, Ind. Eng. Chem., Anal. Ed., 13, 563 (1941). 
